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ABSTRACT
This work is concerned with the measurement of internal friction 
peaks in niobium at low temperatures and low frequencies, the analysis 
of the data from the peaks and its theoretical interpretation.
A sensitive autpmatic apparatus using a novel variable energy 
supply technique, has been constructed, together with a continuous flow 
cryostat. A technique for analysing internal friction data by the 
application of constrained optimisation methods on a digital computer 
is described.
The beta peak occuring in niobium at about 200 K at 1 Hz, is 
interpreted as a possible hydrogen Schoek peak.
The Arhenius plot of the known values of the beta peak parameters 
from the present work and all other available sources, is examined in 
detail, and it is concluded that the plot is either non linear or exhibits 
a slope change. An explanation for this anomalous behaviour is advanced.
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GENERAL INTRODUCTION
Internal friction or mechanical energy loss in solids is
easily observed as the decay of the sound from a bell or similar
object after striking. Internal friction effects have been the
subject of scientific investigation since the latter part of the
nineteenth century (see, for instance, the references quoted by
(l)Zen#f ' ). Since that time progress has been made in accounting 
for the acoustic behaviour of solids, especially their behaviour at 
different frequencies and temperatures. Most early work is summarised 
by Zenner
In metals the damping may be notionally split into two 
parts - a slowly varying background and more sudden damping variations, 
often termed peaks, superimposed on the background. It has long 
been observed that the damping spectrum is largely dependent on the 
material involved, its composition and prior treatment. For this 
reason internal friction peaks may be used as an indicator of 
impurity and lattice defect concentrations. Before such peaks may 
be applied in this way their origin and properties must be characterised.
CHAPTER I INTERNAL FRICTION
1,1 Introduction
This work has been concerned with the measurement of damping 
peaks at low frequencies and temperatures, the work being specifically 
applied to b.c.c. metals. The project falls into two main areas; 
the methods of measurement and the analysis and theoretical inter­
pretation of the experimental results. Some work was also carried 
out on the analysis of relaxation peaks, but lack of time prevented 
its application te the present data. The subject of the experimental 
investigation was a low temperature peak in niobium often termed the 
beta peak. The origin of this peak and its behaviour on thermal 
treatment are still the subject of controversy.
In order to eliminate uncertainty in the measurement of a 
small effect such as the beta peak an improved experimental technique 
was required to replace the previously used free decay method. It
was felt that.this method as implemented on spot follower equipment
Csze, s&c&ioii "2* *2.)
left much to be desired^and that constant amplitude operation would
be an advantage. An attempt to achieve such an improvement was made
(2)by employing a specially developed constant amplitude apparatus
This apparatus gave good resolution and accuracy for damping levels
-5 -2in the range 1 x 10 to 1 x 10 . Further improvement was obtained
by careful minimisation of specimen temperature gradients at the design
(3)stage .
In practice, internal friction spectra often consist of a 
group of overlapping peaks, and for the purpose of interpretation 
separation of these peaks is desirable. In the present work a computer 
programme using unconstrained optimisation methods has been developed 
to automatically analyse spectra starting from approximate parameter 
values.
1.2 Paraelastic Behaviour
In real solids stress is not generally a single valued function
of strain; this gives rise to a loss of strain energy with time. This
behaviour is manifested as elastic after effect, internal friction,
and modulus defect. The general effect is termed ’anelasticity'.
Internal friction is strictly the conversion of strain energy into
heat. Anelastic effects in solids are^due to deviations from the
perfect lattice caused by the presence of intrinsic defects and impurities.
Since in an anelastic solid stress is time dependent, the energy dissipated
from a deforming force will be related to the time for which it is
applied and the rate of change of the stress within the solid. When
a cyclic force is applied to a solid, energy will be absorbed from
the drive. This absorption will be frequency dependent in- a fashion
depending on the stress-time relationship. The stress-time relationship
of solids may be characterised by various models. When the rate of
/£
change of stress with time/\also a function of temperature, variation 
of specimen temperature at constant frequency will produce a variation 
in absorbed energy.
The amount of energy absorbed will depend on the concentration 
of the imperfections present and on their geometrical relationship 
with the lattice and the applied stress field. Bach type of imperfection 
in a solid has its own chemical and crystal/ographic properties which 
produce a characteristic relaxation process, that is a different stress 
strain function, so that on a frequency or temperature scale the character­
istic relaxation processes are separated according to their activation 
energy.
Measurements of anelastic properties may thus be used to
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Fig 1.2o2 Standard linear solid.
investigate the properties of various defects in solids and also as 
an analytical tool to characterise the type and concentration of defects 
in a material under investigation. In practice measurement of energy 
loss in a solid presents several difficulties which will be described 
in Chapter 2.
1.3 inelastic Solids
For the purposes of a formal theory of anelasticity, solids 
may be represented as continuous media possessing a^ tsotro^ /c e/as6r/o<fcy• 
The properties of such a solid under strain may be represented by a 
suitable combination of springs (pure elastic elements) and dashpots 
(pure energy absorbing elements). The two configurations commonly used 
are the standard linear solid, Figure 1.2.2 and the Voigt solid, Figure 
1.2.1; more complex arrangements may also be used. The Voigt solid was
(l) (
the first model investigated . In the Voigt solid stress is
assumed to be the linear function of both strain e and strain rate e. 
Metals, however, exhibit an instantaneous change upon change of stress 
and so for the representation of metals the Voigt model is inappropriate. 
A better model for metals is the standard linear solid ^  \  which
allows an instantaneous displacement determined by a spring constant 
followed by relaxation of the dashpot.
The equations of the system are (Figure 1.2.2)
e “ £-| £n £n " £«
1 z J 1.3.1
a = a{ = (1/J^) el = a2 + a3 = (1/6J) (e2 + te3)
where is the unrelaxed Gtfjyiplmnceand 6J is the change I n  on
relaxation. Thus eliminating the stresses and strains for individual
elements the relaxation becomes
JnO + T J 0 = £ + T £R a u cr
where = J + 6J R u
lihen a cyclic stress is applied one may write
a = a £ o
lQt
l«t
e = (e^  &
(allowing for complex strain)
Substituting into 1.3.2.
JR = J1 + WTo J2
J = J - u 1
' 1 '
WToV J
where j = e-/a and J0 = e0/o 1 1 o 2 2 o
are the real and imaginary parts of the dynamic response, 
Solving for and J2
6J
Jl(<o) = Ju + (1 + t 2)
^(w) = 6J. 0)T
(1 +0)2 T0 )
) goes through an inflexion with increasing w while ^  ( 
goes through a maximum, that is it gives a peak response. and w 
are often termed Debye equations since they were first derived b;j
1.3.3
1.3.4
1.3.5
1.3.6
0) )
2
■ Debye
7.
for the case of dielectric relaxation. The loss angle <f> is given by
tan <J> = J9/Jn = 6J  — ----- 1.3.7
T 4. t 2 2JL + J 0) T .R u
7^
1.4 TheAjfhenius Rule and Temperature Dependent Internal Friction
If the relaxation time t varies with temperature according 
to an Arhenius law of the form
x  ^= t 1 exp ( - AE/ kT) 1.4.1
o
(where T  ^ is a frequency factor, Ae the activation energy of the
process in question, T the temperature and k Boltzmann’s constant)
t  ^may be varied by simply changing the temperature. This is often
simpler experimentally than changing the frequency, which is in many
measurement systems a property of the specimen dimensions. 
f f r
The Arrhenius rule is known to be valid in many cases involving 
atomic movements, oLLthough some doubt has been expressed about its 
exact form at low temperatures . It may be easily shown that 
application of the Arhenius rule gives the following expression for 
a simple relaxation peak in the standard linear solid.
6 = 6max S E C H ( Q / R { 1 / T - 1 / T } )
where 6 is the maximum damping value occuring at temperature 3!max p
and R is the gas constant. Also Q ( AE ) may be obtained from 
a series of experiments at different frequencies.
1.5 Atomic Solids
The continuum model is convenient for representing the macro­
properties of a solid. For discussion of properties due to individual 
defects one may use the continuum model, which has been successfully
applied to point defect and dislocation interactions (see for instance 
(53) (54)n' J. It is, however, useful for some purposes to employ an
atomic model. An example is the relaxation of point defects where 
defect crystal symmetry becomes important. Relaxation and energy loss 
in an atomic solid may be considered on a more detailed basis as the 
transition of particles over potential barriers with subsequent loss 
of momentum and thermalisation. This concept enables
detailed calculations to be carried out for some models of internal 
friction. Much recent progress has been made in performing the extensive 
calculations necessary to characterise an ensemble of atoms representing 
a solid
1«6 Hotable Papers in Internal Friction
Internal friction effects have been reported in metals many
(4)times during the last one hundred years. Love ' gives some references 
to early papers in this field. Further early references are given by 
Zener Zener gives an account of elasticity in solids followed
by a formal account of anelastic effects and their physical interpretation, 
This book forms the basis of much internal friction theory. A good review 
of anelasticity in solids from both the experimental and theoretical 
viewpoints, is the book by Howick and Heller .
Important modern theory on internal friction may be classified
according to the types of relaxation treated. These are point defect 
relaxation and dislocation interaction relaxation ...
Point defect relaxations have been described in great detail 
by Nowick and Heller ^  ^  and Nowick a resume of these papers 
is given in this work. A simplified treatment of a similar theory 
applied to cubic systems is given by Kronemueller . An application 
of the theory to the Snoek relaxation in ternary alloys has recently
f  \  /  \
been made by Kiowa . ‘Further simplified theory is given by
Nowick and Berry G?he basis of all point defect relaxation theory
has now become the symmetry of the defect in the crystal lattice
relative to the symmetry of the exciting field.- This type of theory
enables many predictions concerning the nature of defect relaxation to
be determined without detailed atomistic calculations such as those
(12)of Turkov and Shermegor being necessary.
Dislocation damping has been recently reviewed by Burdettand 
(13)Queen . They cover the whole field of dislocation and dislocation
point defect relaxation from an experimental point of view without
giving any deep theoretical insight. An earlier article by ¥ilks 
1
reviews in more detail the various mechanisms responsible for the
(l5)damping. Dislocation relaxation is discussed by Granato and Luecke
from the point of view of a vibrating string model. The classical model
of this relaxation is compared with various experimental aspects and
data, covering both high and low oscillation frequencies and strains.
Hasiguti considered the interaction between point defects and
dislocations. Pare in a report and a paper discussed dislocation
damping in f.c.c. metals using a kink theory. Seeger and Schiller gave
a brief application of kink theory to internal friction mechanisms
(19)involving dislocations . Papers describing experimental low irequency
10.
internal friction are few in number. Most are quoted in the review 
(2l)
by Chambers . It is of interest to note some high frequency work
(2l)in this field which has been reviewed by Chambers . Recent papers
(22)of note are those of Escaige , who asserted that the prominent peaks
of the alpha peak spectrum in b.c.c. metals are all due to dislocation
mechanisms, the low temperature peak involving edge dislocations and
(23)the high temperature peak screw dislocations. Polotsky et al 
have investigated the alpha peak in niobium and molybdenum in the 
megahertz range, in single crystal specimens with known impurity contents.
(24)De Baptist , reported both alpha and beta peaks in niobium and 
tantalum-but due to the experimental technique the results are only 
of qualitative value. A similar objection applies to the work of 
Stanley and Szkopiak 2^5^
CHAPTER 2 INTERNAL FRICTION MEASUREMENT
2.1 The Measurement of Low Frequency Internal Friction
Internal friction is measured by observing the energy lost 
from a vibrating systemjiin principle any system will suffice. In 
practise it is convenient to use a system executing a simple harmbnic 
motion as its properties are easily predictable. When excited such a 
system will oscillate with an amplitude which will fall at a rate determined 
by the damping. If energy is supplied to the system the amplitude will 
stabilise at a level at which the energy supply equals the energy loss.
Thus it is possible to measure the energy loss of such a system by 
observing either its rate of free decay of amplitude or the energy required 
to maintain a given amplitude.
Consideration of the dimensions of oscillating systems using 
metallic specimens of practical dimensions leads to the following approx­
imate frequency ranges:
Longitudinal vibration 10 KHz- 10 MHz
Torsional vibration 0.01 Hz- 50 Hz
Flexural vibration 50 Hz- 50 KHz
In the present work the desired frequency of oscillation is 
about 1Hz and so the torsional mode is required.
2.1.1 A Resume of Simple Harmonic Motion Theory
Si'rtpte ttvo £ ro* • f ’
The equation for^a system with moment of inertia I, damping
constant  ^ and restoring force S is
12
i8 + xe + se = o 2.1.1
for no driving force.
For a driving force Pq sin w t the equation becomes
10 + xb + S0 = P sinco t 2.1.2o
The equation for the system with no driving force has a solution of 
the form
0 = exp (St) 2.1.3
giving
S = -A/21 + i /(A/21)2 - S/I 2.1.4
For the present purpose the oscillating solutions only are of importance 
(i.e. the complex roots). At a value of A (critical damping) A 
given by
2.1.5
a = 21 i/s /T  = 2 S isc
the transition between real and complex roots occurs.
The complex roots are given by
0 = exp (-At/21) (C cos qt + C sin qt) 2.1.6
where ___________
q = / S/I - A2/4I2
This represents a damped sine wave with succesive amplitudes reduced 
by a factor of exp(lIA/lq) so that the natural logarithm of the ratio 
of any two successive amplitudes is 7rA/Iq a constant often termed the 
logarithmic decrement.
13.
So that for small damping
_i
6 = irA/Iq = 2 irA/A (1-A /A ) 2 N2irA/A 2.1.7
the frequency is given by
q/uj =(l-(XAc)2)
and decreases with increasing damping.
For damping values up to 2dfo the frequency only changes b y F o r  
values of the logarithmic decrement of the order of 10” (a common level 
for internal friction measurements in the present investigation) the 
frequency of the damped system differs from that of a similar system 
without damping by only 0.08^ , at 10  ^the difference is only 0.008?£.
For a driven system the solution is of the form
0 = exp(-Xt/2I) (C^sinqt + C2Cosqt) + Asimot + Bcosoot 
The steady state solution is
P 0 /((XU3)2 + (S-Io)2)2) = P/S (l-0)2/0)r2) + 2(A/Ac/a)/a)r)2) 2.1.8
tan <f> = Aa)/(S-I) = 2 (A/A ) (m/a) )/(l-(w2/a) 2)) 2.1.9c i?i ri
The frequency at which the amplitude is a maximum with no damping is 
given by
“n  = S/I 2.1.10
With damping the maximum amplitude occurs at
U = ((S/I) - U / 2 I ) 2). 2 -l a ln.
Again the frequency is constant to 2$> for damping values up to 20$ of 
critical damping.
The amplitude of forced resonance is given by
14.
6max = P0/((S-Iu2) + (coX)2) 2.1.12
For small damping this is very close to the amplitude at the resonant
frequency. In the present work the logarithmic decrement is mostly less 
-3than 5 x 10
2.12 Measures of Energy Loss in Damped Systems
The rate of energy loss in a damped system may be characterised 
*
by several interrelated parameters. The three most commonly used are:
a) The specific damping capacity P
P = AE/E (often expressed as a percentage)
b) The width factor of the resonance curve Q
Q = f/Af
c) The logarithmic decrement
6 = Ln(Ar/Ar+1)
If 6 is small and constant (independent of amplitude) then 
Ar = Aq exp (-nS)
and p = 200 (6 - 62 + -| S3 ......)
if 6 = 10  ^then P=0.02% to an accuracy of 1 in 10
Also 1/Q = 1/tt (6 - 62/2tt +  ....)
again with very small error if 6 is small.
Thus P = 6 = 200tt/Q
In much published work the logarithmic decrement has become the established 
measure of energy loss and it seems useful to express results in these 
terms even though an apparatus driven at constant amplitude strictly
measures P the specific damping capacity. For the small values of 
damping likely to be encountered in the proposed investigation, the linear 
relationship between specific damping capacity is true to better than
apparatus in terms of logarithmic decrement, by direct measurement at 
a few points. However, for the comparison of the behaviour of similar 
specimens the record of the energy supply would be sufficient.
2.1.3 The Behaviour of a System with an Inelastic Soring
Normal theory for simple harmonic oscillators assumes a spring 
of perfect elasticity. When the spring is anelastic, the theory is 
modified by making the spring constant S complex S* so that the 
restoring force becomes
where £ is the phase angle by which 0 lags behind the driving force. 
Thus
3
1 in 10 . Thus it would be possible to calibrate a constant amplitude
F = S*6 = S1 (1+i tan<f>)0s
Thus solutions to the equation of motion are of the form
0 = 0* Z lU)t £i(cot - £)o
e2 (S'/T)2o
where mr = (S'/I)*
This solution shows resonance behaviour of a form similar to that of 
the perfect spring. Since S' is a function of frequency, also 
appears to depend on u) . The variation of the resonant frequency with
change in frequency is small over normal experimental frequency ranges 
and will not occur in a fixed frequency experiment where temperature is 
the independent variable.
2.2 Methods Previously Employed for Measurement of Low Frequency
Internal Friction
As explained in section the energy absorbtion of a
vibrating solid manifests itself as a decay of the amplitude of vibration. 
Proceeding in the normal way for simple harmonic motion, the logarithmic 
decrement may be used to characterise the rate of decay and hence the . 
magnitude of the energy loss. It is expressed as
N cycles. Thus in principle, if the specimen is made part of a system 
which will on excitation naturally execute a simple harmonic motion, 
and the number of cycles between any two amplitudes is recorded, the 
logarithmic decrement may be determined. This is the free decay method 
and has been the basis of most internal friction measurements. While 
suitable for some work of an approximate nature, the free decay method 
may lead to inaccuracies in quantitative work. These inaccuracies occur 
in the measurement of the amplitude and in the relatively long time 
required to take a measurement i.e. the amplitude must be allowed to 
decay sufficiently to provide a significant difference between Aq 
and • Ajj (Figure 2.2.2). It may be shown that the total error in 6’ 
is given by
2.2.1
where A is the initial amplitude and A.T is the amplitude aftero
17.
A 6 =
N
1
2 In
2 .2 . 2
If, as in the practical case, <5N is made very small (in practice 
since IT is an integer 6N may be zero) the error depends mainly 
on the errors in A and A,-.o
In order to measure amplitudes accurately some form of
tracking of the pendulum motion must be employed. A commonly employed
system is the optical lever and a spot following recorder such as the
Sefram 'Photodyne1. See Figure 2.2.2. This type of instrument employs
a double photocell positioned by a servo system and is designed for
recording low speed phenomena via a galvanometer. Its performance,
with the pen moving at up to 30 cms/sec and reversing twice a second,
is doubtful with regard to overshoot at either extremity of the trace.
However, within a not too large amplitude range, the .overshoot seems
to be reasonably constant and credible results may be obtained for
-3 -l 5decrement values from about 10 to 10 . It is useful to consider
the accuracy obtainable under specific conditions from a measurement
of a decrement of 1 x 10 taken over 100 cycles with an amplitude of
about 10 cm. The accuracy of amplitude measurement on an ink trace
is taken as + 0.5 mm. On substituting in (2.2.2) the accuracy is 
+ -4obtained as 2 x 10 . If 1,000 cycles were taken the accuracy would
+ —5 —3be 2 x 10 . Thus for decrements below 10 the simple decrement
measuring system is impractical for reliable measurements of internal
friction. The position may be improved by the use of automated data
collecting systems, but the complexity of such systems is of the same
order as that required for a constant amplitude system.
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Conventional equipment for measuring internal
friction by free decay.
In such a case the accuracy of the system is determined by
the size of the light spot falling on the photocell. The accuracy of
the timing itself is limited by the above effect as the clock rates
of modern timer counters are of the order of 10 MHz. A range of
barrier layer photocells has recently become available giving continuous
output (rather than single position indication) when traversed by a
-5light spot over a distance of 20 cms. A resolution of 2.3 x 10 eiis
is claimed for these cells., They would appear to be useful for either
(rg)
decay or constant amplitude measurements %OQ/, in such systems the 
accuracy is often improved by performing smoothing calculations on the 
data using an online computer,
2.3 Consideration of the Energy Absorbed in a Practical System
It is useful at this point to calculate the total energy present
and the energy absorbed in a system of practical dimensions. A useful
example is a torsion pendulum carrying a cylindrical specimen of length 1 
moment of inertia I and shear stress S. The total strain energy U 
is given by
^ T 1? / "I
U = — — - > taru.rfc*. 2.3.1
2 r G •
For a cylinder of radius r this becomes
2 6 /
U = 1/16 -.— .- C t -z .'Ta M . 2.3.2
where p is the density and G the sheer modulus.
for a specimen of niobium having the following parameters, length 3 cm,
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LI -2 -3shegr modulus 3.75 x 10 dynes cm , density 8.5 gms cm and
7diameter 0.1 cm the total strain energy is calculated as 1.12 x 10 ergs
per radian deflection. Thus for a logarithmic decrement (amplitude)
-3 -3of 10 the energy absorbed is about 2.6 x 10 ergs per radian. So
that for amplitudes around 1° ( 'v 0.02 rC) the energy absorbed is
5
about 520 ergs per cycle in a maximum strain energy of 5.6 x 10 erg.
These are exceedingly small amounts of energy. 500 ergs per 
cycle represents at one cycle per second a rate of working of about 
50 yW. Thus the energy which must be supplied by transducer to
maintain a constant amplitude is in fact very small. Nevertheless, 
this energy must be supplied by a system with measurable parameters, 
that is the energy supply system must be so designed that its parameters 
e.g. (distances, currents, magnetic fields) must be directly and 
accurately measurable.
2.4 Basic Considerations for Constant Amplitude Systems
To maintain a vibrating system at a constant amplitude it 
is necessary to supply in each cycle the amount of energy absorbed 
during that cycle. Thus a constant amplitude system requires an energy 
input device and a device to sense the loss of energy in the system.
In practice the loss of energy in the system is indicated by a change 
in amplitude, the magnitude of this change is determined by the sensitivity 
of the detection system employed and by the mechanical characteristics 
of the system. The change may be made small enough to produce a 
practically constant amplitude. The energy input to the system is 
determined by the difference between the temporarily reduced amplitude 
and the required amplitude.
2.4.1 Amplitude Detectors
The amplitude of a pendulum system (a torsional pendulum is 
implied throughout this work) may be detected in a variety of ways.
The basic requirement is that the system produces an electrical output. 
The four systems usually considered for these purposes are variation of 
resistance, inductance, capacitance, or some form of photo cell and 
light beam arrangement. Resistance methods are unsuitable in practice, 
because of the necessary physical contact involved which would contribute
to the background damping. Certain special photo cells giving excellant
-4 (^llinear position detection to better than 10 inch postdate this work
In a practical system a balance must be achieved between 
various conflicting requirements. Any system must be capable of 
calibration and also possess a definite and simple relationship between 
its input and output parameters, which in this case is largely a 
function of the drive system employed. The transducer system must 
have information capability and sensitivity suitable for the measure­
ment i.e. it should respond as little as possible to movements outside 
the oscillation plane and also be insensitive to electrical noise.
2.4.2 Temperature Control in Internal Friction Systems
The normal practice in low frequency internal friction is 
to vary the temperature at constant frequency and to measure the 
damping as a function of temperature. At temperatures above room 
temperature it is basically a simple matter to surround the specimen 
by a suitable furnace and to heat it to the desired temperature.
The heat exchange will occur by radiation and thus problems of 
physical contact with the specimen do not arise.
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At low temperatures the position is somewhat more difficult. 
Control over large ranges of temperature is difficult to obtain in 
most conventional cryostats and radiation no longer provides a 
useful means of heat exchange. Thus physical contact with the 
specimen is required to cool it by either metal to metal contact 
or by convection of a surrounding gas.
The specimen temperature is required to be accurately known, 
and constant throughout the specimen. It is practical to attach 
thermocouples to the specimen only at its extreme ends. For measure­
ment at low frequency, the temperature must be varied slowly, so that 
sufficient data points may be recorded over peak regions often only 
a few degrees wide.
2.4.3 Temperature Gradients
The presence of a significant temperature gradient in the
specimen will- cause severe distortion of the observed relaxation
peak. A mathematical model may be constructed to examine in detail
the effects of a given gradient.on the shape of an internal friction
peak and on parameters normally calculated from the experimental 
(3)data . Briefly, the energy absorbed by each element of the specimen 
is summed over the whole specimen, and this is repeated for a range 
of temperatures encompassing all significant relaxation strengths.
At any temperature the total energy absorbed E^^, is given by
f L
etot
SECH
T + KX o
+ B dx
2.4.1
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for a specimen of length L, cross sectional area A, having a 
temperature at one end and a gradient of K deg/cm. The integral
may be easily evaluated by a digital computer using Simpson’s method. 
The results indicate that a gradient of 0.5 deg/cm will reduce the 
height of a peak due to a relaxation process having an activation 
energy 50 K cals by 50$. The measured activation energy is similarly 
decreased to half its true value. It is possible to correct experi­
mental data obtained with such a gradient, but only approximately, 
and under the further assumption of a linear gradient.
It is thus desirable to eliminate temperature gradients from 
internal friction apparatus at the design stage. By consideration 
of the heat flow through the various conduction paths in the apparatus 
it is possible to calculate the temperature gradient existing in the 
specimen under given conditions, ij worst case parameters are used 
then the calculation gives a pointer to the worst value of temperature 
gradient likely to be experienced. The case of an inverted pendulum
, (72)
will be considered, although that of the Ke pendulum is not
essentially different. Two possible configurations are apparent; a 
specimen in intimate contact with a massive body whose temperature 
is varied; or a specimen in contact with such a body by a radiation 
or convection or both. Since for various reasons internal friction 
pendulums are best operated in a vacuum, convection may be ignored.
In configuration 1 (see Figure 2.4.l) the rate of heat transfer 
to the specimen is maximised by metallic contact with the lower grip.
In configuration 2 (Figure 2.4.2) transfer is only by radiation 
and is thus slow at low or medium temperatures. Configuration 1 
thus appears best for low temperature work, configuration 2 possesses 
advantages when a furnace is to be used at high temperatures. The
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gradient in each configuration may be determined by the use of a 
simple electrical analogue, replacing the conducting members by 
equivalent thermal resistances subjected to a thermal potential V.
The individual potentials existing across each element may then be 
calculated by application of Kirchoff’s laws. For the first configuration 
the potential V across the specimen is
V - V R B
R
R, + R 1 o
2.4.2
(ignoring in this case the radiative exchange which is small
compared with the contact flow from
For the second configuration Vq is given by
Ro {(VB - V /(Rr + V 2 + V  + <VI - y /
/(R2 + Rq/2 + R|) 2.4.3
where R represents the radiative transfer.
In the first case it is obvious that the larger R^ may be made 
compared with Rq) the smaller the gradient across the specimen. In 
the second case also a large R^ will reduce the gradient with the 
further provision that R = R* .
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In practice this requirement may be satisfied by using 
extension rods of low conductivity. In the second configuration 
the lower extension rod is at while in a practical pendulum the
upper rod is largely isolated. This means that becomes infinite
and the gradient tends to be greatest in the lower half of the specimen 
i.e. a departure from a linear gradient condition becomes unavoidable.
In configuration 1 if Rj tends to infinity the gradient becomes 
zero. For this reason the first configuration should prove best for 
any inverted pendulum at any temperature, it also has the advantage 
of quick heating and cooling through metallic contact.
2.5 Sources of Energy Loss in an Experimental System
In a practical system various external energy losses occur 
besides the intrinsic losses in the specimen. These energy losses 
originate in work performed by the specimen against the surrounding 
medium, in frictional losses at pivot points and supports which in 
one form or another are unavoidable.
The energy loss due to the surrounding medium may be eliminated 
by working in a vacuum. Frictional losses are minimised by careful 
design of the vibrating system, and by using grips which slightly 
deform the specimen thus preventing any relative movement of specimen 
and grips.
Careful design of the pendulum and surroundings ensures that 
the whole system is rigidly located, and that rubbing contacts of all 
kinds are eliminated. Materials having a high inherent damping,
(e.g. composites) have to be avoided or used in such large cross 
sections that their deformation is negligible. The top support wire 
of the pendulum, if led over a pulley is an obvious source of frictional
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loss, since rubbing contact between the pulley and the support wire is 
inevitable. Thus an alternative to the commonly used supporting pulley 
is required. Actual internal friction loss in the support wire is 
negligible if certain conditions are fulfilled. These are that the 
volume of the support wire should be small (less than 10^ ) compared with 
the specimen, and its material should not exhibit high damping in the 
range of temperature to which it is subjected.
2.6 Published Work on Internal Friction Measurement Systems
Several papers relating to maintained pendulum systems have
(28)been published using various drive systems. Ivanov 1 used a
maintained torsion pendulum with a feed back loop containing a limiter
(i.e. a constant energy supply) and measured the amplitude changes due
to changes in damping. The inherent disadvantages of this method are
that the amplitude variation precludes any recognition of amplitude
dependent damping and that the range of damping levels that may be
measured is limited by the range over which the pendulum amplitude
may be allowed to change.
A constant amplitude torsion pendulum has been described by 
(29)Salvi et al . The pendulum used a capacitive pickup. transducer, 
and an electromagnetic drive system.
Butterea and Craig^^ describe an apparatus employing a 
square wave drive at pendulum frequencies. Calibration by a direct 
method involving only apparatus constants is claimed; the overall
+ taccuracy of the equipment is given as 0.5^ . A pendulum system
using a light beam and photo cell as a transducer is described by
(3l)Perez . Constant amplitude operation is claimed but from the 
information given it would appear that true constant amplitude operation
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is not possible tKi the- Coop oo*S cLo^ticl*
Ael interesting system in which energy is both supplied to and
(32)removed from the system in each cycle is described by Szabo-Miszenti'
and a useful account of low frequency mechanical drive system is given 
(33)by Zakin et al^'.
Kiowa and Hirabayashi^^^ described an apparatus in which
the free decay of the specimen is displayed on a chart recorder for
(35)further analysis. Harbottle described a constant amplitude apparatus 
in which the specimen is a flat sheet carrying an inertia weight on an 
arm fixed to and perpendicular to the centre of the specimen. A 
disadvantage of this kind of configuration is the difficulty in calculating 
the strain amplitude and its variation over the specimen.
Bykov et al described a system in which oscillation 
amplitude is kept constant by varying the current in a set of field 
coils acting on a magnet attached to the pendulum. Bays^"^ described 
an advanced free decay apparatus employing computer calculation of 
decrement values.
2.7 Published Work on Cryostats
Cryogenic techniques, due to their wide employment in science,
industry and medicine, are extensively documented. Many excellent
general treatises are to be found on liquifaction, insulation and the
(37) (38^thermodynamic properties of liquid gases . These with the
(39) (40)basic information to be found in standard physics.texts and
(4l)in the data reference manuals ' form a basis for the design of 
cryogenic systems. Very few published books make special reference - 
to laboratory size cryogenic systems. A notable exception is that of 
White^ , which may be strongly recommended as a manual on experimental
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cryogenics. General reviews of the design and construction of con-
(43) (44)tinuous flow cryostats are given by Illipping ' and Forth
They establish some general points on the continuous system versus
other systems and give results obtained on continuous flow cryostats.
(45)Papers on more specific cryostat designs are those of Slipping 
Hellwege et al^^ Barrett and Grodzins^^ Wiedemann et al^®^ and 
Kulhmann^^.
CHAPTER 3 A CONSTANT AJiPLITUBE INTERNAL FRICTION SYSTEM
5.1 The Present Measurement System
The foregoing ideas were used as the basis for the design 
of an internal friction system, enabling reliable measurements to 
be carried out at constant amplitude. The present system was developed 
from the considerations already stated for inverted pendulum and tempera­
ture control which coupled with problems of specimen replacement represent 
most of the problems encountered in the mechanical design.
The pendulum drive transducer was finally chosen as a combination 
of two coils. A fixed coil wound on a soft iron core of the form shown 
in Figure 3.1.1, this configuration (similar to that used in the P'Arsenoval 
Galvanometer) gives a radial field in the gap. The second coil is mounted 
on the pendulum and is placed so that it swings freely in the annular 
gap of the magnet. A constant amplitude sinusoidal current at pendulum 
oscillation frequency is applied to the magnet coil producing an alter­
nating field in the gap. The pendulum coil carries a direct current 
whose amplitude is varied by the system. Thus the energy supplied to
the system depends entirely on the current in the pendulum coil, which
(3)is easily measured .
3.2 Energy Sunnlied by the Transducer
The energy supplied to the inner coil with a fixed alternating , 
current in the outer coil and a current i in the inner coil may be 
calculated as follows
At constant amplitude the energy supplied to the pendulum is 
equal to the energy lost by the system. The pendulum executes a harmonic
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motion and is acted on by a harmonic force due to the interaction of 
the direct current in the coil and the alternating field in the gap. 
In the general case of an alternating force
Pq sin (w*t + c}>) (where Pq is the maximum force and 
(j> is a phase angle) acting on a harmonic motion 
x = xn cos 031 (where x is the amplitude) the work done
277
o
in one cycle is
AW = P x cosd) o o Y
0 '2*
sin ait cos rnt d (at) +
+ P x sin<f> o o Y
2
cos 031 d (rnt) 3.2.1
that is
AW = ttP x sin <j> 3.2.2o o Y
or AW = irP x (for $ ^ 90°) 3.2.3o o v Y '
The force on the coil is
P = n ab B I sin(wt «f
since the field in the gap is radial, therefore at resonance the work 
done on the motion by the force is
AW = Trn ab B I 0 sin <j> ' 3.2.4
where $ is the phase difference between the driving force and the coil 
motion for $■ = 90 .
AW = ttB n aft I 0 3.2.5
AW ={imabkl'} 0 1 3.2.6
where
B = k I1 and I1 is the magnet coil current
i.e. the work done on the system per cycle, is proportional to the current 
in the coil and the amplitude.
The specific damping capacity is found by dividing AE the energy lost, 
by the total energy of the specimen E. AE is equal to the work
done on the specimen AW. For specimens of similar dimensions and
constant modulus E is constant and thus AW may be used to represent 
the damping capacity of the specimen.
2For a field of 1,000 Oe and a fixed coil possessing an area of 10 cm , 
a diameter of about 5 cms and 100 turns and carrying a current of c.1 ma ^,
the work done is about 100 yW. This is of the same order as the energy
absorbed by the specimen considered in section 2.3 if the logarithmic
-3
decrement was of the order of 10 . The coil dimensions are easily
realised and the current required is not excessive, that is it will
not give rise to heating problems. A field of about 1,000 Oe is easily 
obtained in a closed system with small air gaps. Thus suitable drive at 
low damping may be provided using easily measurable values of current.
3.3 The Pendulum Drive and Control System
The theory of section (3.^ ) has been developed into a practical 
pendulum control system. The drive mechanism described in (3*Z) requires 
an alternating magnetic field at the natural frequency of the pendulum 
and a direct current. It is possible to vary the amplitude of either 
current to change the energy supply to the pendulum; for practical 
reasons it is simpler to vary the direct current while keeping the 
amplitude of the alternating field constant. Thus the system is established
33
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basically as two sections, one to detect the amplitude of the pendulum 
and convert the difference between it and a reference level into a 
direct current, and the other to provide a constant amplitude sine wave 
at the pendulum frequency. Since the pendulum is driven at constant 
amplitude, zero amplitude error will not correspond to zero energy supply.
'The system must therefore possess a memory element to establish the 
prevailing level of damping.
In practice the above system was realised as Figure 3 .3.1.
The transducer provided a waveform representing the pendulum motion.
This wave form, a sine wave at about 1 Hz, was detected in the amplitude 
measuring circuit which provided a voltage level proportional to the 
peak v&lue of the input wave form. This voltage level was compared with 
a reference level by the differential amplifier, th§ output of which 
drove the servo motor with variable speed and direction depending on 
the difference between its inputs. A potentiometer on the output shaft 
of this motor set the voltage level at the input of the output amplifier 
which provided the direct drive current. A recorder connected to this 
point gave a direct reading of current. The potentiometer provided a 
memory of the level at which the system was operating. The constant 
amplitude alternating drive was obtained by a synthesizing system from 
the input wave form. The use of a synthesizer prevented distortion from 
being propagated through the system and thus magnified, it also automatically 
produced a constant amplitude output irrespective of the amplitude of 
the input wave form.
The low operating frequency provided some practical difficulties 
in that conventional methods of detection require very long time constants, 
and need large capacitance values. This difficulty was overcome by aA
synchronised peak detector circuit. Implementation of several complex
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function circuits in an economical and reproducible manner was achieved 
by the use of operational amplifiers. A detailed block diagram is shorn 
in Figure 3.4.2 and a full circuit diagram in Figure 3.4.1.
3.4 The System in Detail
In this section a description is given of the system as a 
whole. For a description of the individual circuits see Appendix (i).
The amplitude detector employed an inductive pickup in which 
the inductance of the two coils in a bridge circuit was varied by the 
movement of the pendulum. The bridge circuit voltage was amplified 
by a tuned amplifier and then rectified by a phase sensitive rectifier.
The resulting output which was an instantaneous representation of the 
pendulum position was filtered to remove high frequency components 
giving the trace of Plate la.
The sine wave output by the detector was an oscillation of 
about 1 Hz which was converted into a constant voltage level representing 
the peak height of the oscillation. Since the frequency is low, 
commonly employed methods of detection were inconvenient and a sample 
and hold system became necessary. Sampling was achieved by a synchronised 
peak value detector which sampled both positive and negative excursions 
of the waveform. The peak detector was followed by a sample and hold 
system which held the level applied to it during each sampling period.
The peak detector output waveform is shown in Plate lb and the sample 
and hold output in Plate lc; the pips due to the reset pulses are clearly 
visible. Synchronisation with the detected waveform was achieved by 
detecting the zero crossing points of the waveform with a trigger which 
gave a square wave output as shown in Figure 3.4.3.a. From this square
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wave a set of pulses (Figure 3«4.3.b) was derived, corresponding to 
the zero crossing points. These pulises were delayed and used to trigger 
the sample and hold circuits just after the peak point of the sine wave, 
when the peak detector voltage was equal to the peak of the sine wave. 
See Figure 3.4.4. The zero crossing point pulse was also used to reset 
the peak detector via relay RSI. The square wave was also used to set 
the peak detector for a positive and negative polarity and to select 
the relevant sample and hold circuit (RS2 and RS3).
The level from the detector circuit was compared with a 
reference level set by a multiple turn potentiometer which established 
the amplitude required. The difference between these two levels was 
amplified and used to drive the servo motor at a rate proportional 
to the voltage difference. This rotation of the servo motor shaft 
was transmitted to a ten turn potentiometer through a 250 : 1 gear­
box. The slider of the potentiometer carried a voltage proportional 
to its position on the track; this voltage was applied to the output 
amplifier which drove a current proportional to the applied voltage 
through the pendulum coil, and to a pen recorder which recorded the 
damping level.
Constant amplitude sine waves for the fixed drive magnet 
were derived from the square wave mentioned above. This loop made 
use of wave form' synthesis by means of diode resistor networks.
Any function may be approximated by a series of straight line segments, 
drawn as chords to the function. The accuracy of the fit obtained 
will be dependent on the degree of curvature of the function and 
the number of segments employed. The points at which the slope change 
starts (known as break points) are set by a network of diodes connected 
to a series of chosen voltages. The different slopes are produced 
simply by connection of chosen load resistors through other biased
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diodes. In practice the circuit is often driven by an amplifier, * 
with the forming network as part of the feed back circuit. By 
this means a sine wave may be obtained from its nearest linear approx­
imation, a triangular waveform. The triangular waveform is easily 
derived from a square waveform by integration. Thus the transition 
from square wave to sine wave may be carried out as illustrated in 
Pigure'^^^) A phase shift of 90° occurs on integration: this 
is a basic requirement of the drive system since maximum drive to 
the pendulum must be applied as it crosses the zero point and would 
otherwise have to be introduced by other means. The loop employed 
in the system consisted of a Rauch type integrator which produced 
the triangular waveform, followed by the sine synthesizer which 
employed three break points on each side of zero. This gave a 
sufficiently good sine wave for the drive system since the high Q 
of the pendulum smoothed out any distortion. The integrator and sine 
waveforms are shown in Plate le and If. The sine wave was supplied 
to an attenuator which enabled the drive amplitude to be varied to 
suit different specimen damping levels, and then to an output amplifier 
which drove the magnet coils.
The current level in the pendulum drive coil was recorded by 
a data logger and transferred together with temperature readings to 
paper tape for further processing.
Tv The system was adjusted for as near zero phase shift as
possible using a double beam oscilloscope. Adjustments were made by 
a phase advance network following the sine synthesizer. The effect of 
small phase shift is to move the operating point of the system on the 
resonance curve slightly. The effect of this small change is to increase 
by a small amount the energy required for a preset amplitude level. If
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the phase shifts are constant this effect will introduce a zero error 
in the measured damping. In the present system backgrounds as low as 
2 x 1(T5 (logarithmic decrement) were measured so that zero error due 
to phase errors must have been below this value.
Since previous results in this investigation and most others
had been in terms of logarithmic decrement it was decided to calibrate
the system directly in these terms by reference to careful free decay 
measurements, this procedure was valid provided all the specimens to 
be used were similar.
3.5 Calibration and Performance
Damping levels measured by a free decay (over sufficient
time to give accurate damping values) were compared with the drive
current readings for constant amplitude under the same conditions.
The result is shown in Figure 3.4.1: Ike relationship is linear
as would be expected from the theory of Section 3.1. It was also
established that the slope of the line in Figure 3.4*1 was inversely
proportional to the peak alternating drive current. Resolution of
-5damping to better than 1 x 10 is also evident.
3.6 The Measurement System as a Control Loon
Considered as a control system the drive and control circuits 
appear as two loops, the sine synthesizer loop is, however, passive, 
that is, no automatic control variable is applied to it. The loop 
controlling the direct current drive consists of a sample and hold 
circuit followed by an integrator, which may be characterised as a low 
pass filter. The presence of a sampled error signal complicates analysis
of this loop. The controlled variable is the maximum amplitude of 
oscillation. The sample time is one cycle of the pendulum (approximately 
one per second), this represents a temperature change of about 4 x 10 K. 
Significant changes of maximum amplitude will not occur over less than 
about 0.5 K because of the presence of temperature gradients in the 
specimen and the high mechanical inertia of the system. This interval 
will represent about 120 samples so that the action of the sampler plus 
memory may be characterised as a low pass filter, and need not be 
explicitly included in the system equation. (The equation of a sampled 
error system is a difference equation and requires special methods for 
its solution). In the present system the sampling detector provides 
a means of avoiding the leakage problems of large capacitors.
The system equation may be derived in the following way:
The pendulum is represented by the equation for forced simple 
harmonic motion (Section 2.1.l)
10 + AS + S0 = f(t)
The controller by
f(t) = K E(t) sin u)t
(l3
using the Laplace transform
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Therefore
3.6.2
2 2 S + 2£ a) +o) s
now the error transfer function
thus
E(s) 3.6.3
(1 +0)6 )S^ + (2£o) + 0)6 )S + o)3 6  o o o
This expression represents a second order system and is thus stable by 
Rouths criterion. Inclusion of an integral term to represent the memory 
element will raise the order of the system equation by one to cubic, in 
this case Rouths criterion still predicts stability.
Because of the severe external vibration discussed in Section 3.10
optimum parameters for the system could not be employed as the system was 
subject to step function disturbances, while amplitude changes due‘to 
the specimen would have given only ramp function disturbances to which 
a sensitive system would respond without appreciable overshoot. In 
practice the system was set up by adjusting the response of the memory 
element until a smooth response was obtained- to induced changes in 
amplitude.
3.7 Temperature Control System
A continuous flow cryostat was employed, using a sintered bronze 
heat exchanger and a surrounding heat shield. The vacuum required to 
draw the liquid gas through the cryostat was provided by a high capacity
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rotary pump. (Figure 3*7.l)
Temperature measurements are performed using gold 0.3 AT fo 
iron-chromel thermocouples. The thermocouple voltage is backed off 
against a reference voltage which is either fixed or slowly varying.
The difference between the thermocouple and reference voltage is 
amplified and used to switch a relay and to give proportional control 
to a heater in the cryostat specimen block. The relay changes the 
direction of the servo motor connected to a needle valve in the vacuum 
circuit; a micro switch operated by the shaft of the needle valve 
energizes a magnetic valve. This valve is set to open when the needle 
valve is also fully open. A second magnetic valve energized by the 
backing pump motor circuit provides protection against suck back if 
the rotary pump is accidentally stopped.
It was decided to adopt a continuously cooled and controlled 
reference temperature. The main requirement is for a steady temperature; 
it is not necessary for this temperature to be exactly 0 deg. C or 
even near this value, as long as it may be determined with sufficient 
accuracy. For an accuracy of 0.5 deg. an alcohol in glass thermometer 
with a long scale is sufficient. A thermistor controlled Peltier junction 
cooled metal block was used as the cooling medium.
Liquid gas was sucked from a storage dewar through a vacuum 
insulated transfer line made of stainless steel. A fine copper gauze 
filter (lOO mesh) served to prevent the passage of particles of 
ice or carbon dioxide, which are often a contaminant of liquid gases, 
and which were found to be sufficient to block the system. The liquid 
gas travelled towards the heat exchanger and when the transfer line was 
cooled, boiled in the heat exchanger. Cold gas from the heat exchanger 
then flowed around a spiral of copper tubing soldered to the heat shield
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thus cooling it. The control valve system is shown in Figure 3.7.2.
3.8 Mechanical Construction
3.8.1 Requirements
The specimen, pendulum and other assemblies needed to be 
rigidly supported in a vacuum, while still providing easy access 
to the specimen. Since when working with annealed specimens very 
small stress levels may be important, the inverted pendulum was 
adopted.
The adoption of this inverted configuration defined the
basic layout of the apparatus. Provision was also required to apply
strain to the specimen while in situ in the apparatus. To reduce the
background damping of the pendulum to an acceptable value a vacuum of 
-4
at least 10 torr was required. For insulation of the cryostat a 
-4 -6vacuum of 10 to 10 torr was sufficient to reduce convection' effects 
to a negligible level. This level of vacuum is normally achieved on 
the laboratory scale by the use of a diffusion pump system. Since the 
changing of the specimen should preferably leave the cryostat insulation 
vacuum intact, two independent systems were required.
The pendulum system must have no motion other than that due 
to the natural pendulum motion. Any relative motion between surfaces 
in the system will cause frictional energy loss, which may well swamp 
the energy loss caused by the specimen. Thus all joints in the pendulum 
assembly must be firmly fixed, and the lower end of the specimen must 
be fixed rigidly. Special attention was paid to the design of the specimen 
grips, as they are the most likely place for lost motion to occur.
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Frictional losses will also occur through rubbing contact 
between the specimen and its surroundings, this may be avoided by 
ensuring sufficient clearance around the specimen assembly, hue to the 
presence of magnetic fields from the drive transducer, it is necessary 
to avoid metal parts in this region of the pendulum assembly as these 
would introduce eddy current damping.
Direct access is required to the specimen so that it may 
be easily replaced without bending or other damage occuring. Such 
access is best achieved by arranging complete side opening of the 
specimen volume (Plate 5)*
For the purposes of this investigation it was useful to be 
able to strain the specimen in situ. The necessary stress was easily 
applied from a screw jack system through a Vilson seal. The only 
difficulties were ensuring sufficient strength in the pendulum and 
also sufficient vertical movement of the assembly. All transducer 
systems were arranged to move with tf~ ----------------------------- *
and Plate 2. The pendulum was contained in the upper vessel, and continued 
into the extension housing the end of which made contact with the cryostat, 
which was housed in the lower vacuum vessel.
which gave the greatest possible rigidity. The cryostat vessel was 
evacuated by its own diffusion pump system and was totally independent
3.8.2 General Form of Apparatus
The general form of the equipment is shown in Figure 3*7*3
This form of construction enabled the pendulum housing to be
removed from the cryostat, which facilitated specimen replacement.
It also ensured that the pendulum was contained entirely in one structure
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of the pendulum chamber system. Thermal contact between the cryostat 
and the pendulum housing was ensured by a copper cone on the pendulum 
housing, which was lapped into a corresponding taper in the cryostat 
plateS. Alignment of these parts was accomplished by means of external 
guides visible in Plate 2. (Plate 2 shows a general view of the 
apparatus.) The cryostat and pendulum housing was supported in a heavy 
iron frame which carried the guides for the pendulum housing and also 
motors for straining the specimen and raising the cryostat. This frame 
was.supported on flexible fibre blocks which gave the whole assembly a 
resonant frequency of less than 0.5 Hz. This minimised vibration trans­
mission from the surroundings. Damping of the mounting was provided by 
four dashpots filled with heavy oil. The electronics were positioned in 
the adjacent rack. Plate 3 shows the drive magnet and pickup transducer 
together with the lower plate of the transducer carriage and the worm 
drive for rotating the inner carriage. Plate 4 shows a general view of 
the pendulum housing. Plate 5 shows the pendulum housing tip with the 
removable side piece and conical sleeve. Plate 6 shows the main inertia 
weights and counter weight, at the top of the plate the secondary exciting 
coils may be seen. These were required for manual starting and stopping 
of the pendulum.
Tensile stress was applied to the specimen by moving the trans­
ducer system carrier (Figure 3.9.l) upwards by pulling through a Vfe-lson 
seal until an annular lug in the bottom plate contacted a boss on the 
pendulum. Stress was then transmitted through the lower part of the 
pendulum only.
Figure 3.9.1 shows a sectional drawing of the pendulum housing. 
The main flange (i) supported all parts of the pendulum assembly and 
the outer casting. Rigid connection with the cryostat was provided by
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the extension flange (8), which sealed on to the top of the cryostat 
by an ’0’ ring and was held in position by quick action toggle clamps.
The main casing fitted onto the flange and was sealed to the top plate (4) 
by an ’O’ ring, pressure being applied by the special bolts (l7) which 
were sealed by ’O’ rings. A Vfelson seal for the straining mechanism 
was carried centrally in this top plate and immediately above this was 
the support pillar for the straining mechanism. The top plate also 
carried several electrical lead-throughs for the control system. A 
vacuum gauge holder and vacuum coupling flange were fitted to the outer 
casing as was also a window for observation of the pendulum motion.
Three vertical rods (3) were set symmetrically around the 
main flange and guided the straining mechanism and transducer carrier (9). 
These rods also located in the top plate. The plates of the carrier (9) 
were separated by rigid spacers and slid in bronze bushes over the rods 
(3). Vertical positioning was provided by the bridge piece (ll) and 
rod (lO) which ran through a \/ilson seal (6) and was coupled to the 
straining mechanism. The lower plate carried a flange (20), which, 
as the assembly was raised, contacted the boss (l9) on the pendulum thus 
transmitting force to the specimen through the lower part of the pendulum 
without affecting the more delicate upper part.
The transducer carrier was supported between the two ball races 
(15} which were of the lipped type enabling all end float to be removed 
from the assembly by spring loading of one race.
Secondary exciting coils were carried on the lower side of the 
plate. Micro switches on the carrier served to limit the travel of the 
carrier when moved by the straining mechanism. A seal (17) was provided 
for thermocouple leads.
This construction provided the required rigidity in the mounting
9  > 9 ' O  ; 9 
* • • • •
I I M i l  J • * •
Plate 2 General View of Apparatus
Plate 3 Drive and Pickup Section
Plate 4 Pendulum Support
Plate 5 Specimen mounted in tip
Plate 6 Inertia and counter weight
counter' weight 
balance
. Q *
pickup
transducer
drive
transducer’
pendulum
extension rod
Fr.g 3.9c 1
Pendulum housing assembly.
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of the pendulum while preserving easy access to both the extension 
housing and the main specimen housing. The upper support wire of the 
pendulum was a fine tungsten wire about 5 cm. long. This was anchored 
to one end of a pivoted bar as shorn in Figure 3.9.3* The bar pivoted 
on two small ballraces, each side bearing on two shaped cams calculated 
to maintain the tip of the bar on the same vertical line as it pivoted 
about its support. Counter weights were attached to a carrier supported 
by a fine stranded steel wire fixed to the outer end of the bar. The 
specimen was gripped by deformation in the grip shorn in Figure 3.9.2, 
thus eliminating all movement at the grip.
The transducer assembly was made mainly from tufnol in order 
to reduce the electromagnetic damping effects of large masses of metal 
near the pendulum. The three plates were separated by brass spacers 
making a rigid assembly. The coils of the pickup transducer were 
supported between two of the upper spacers.
Rotation of the whole assembly was provided by the bearings
mounted on the upper and lower plates. The lower plate extension
carried a worm wheel which enabled fine adjustment of the position
of the carrier to be carried out.
The bottom plate carried the drive magnet, which consisted 
of a laminated steel core (as shown in Figure 3.1.l). A radial field 
was ensured by a soft iron central cylinder which acted as a flux con­
centrator. This was supported by the plates shown at the top and bottom. 
All iron surfaces were copper plated to avoid corrosion.
3.9 Mounting of Specimen and Adjustment of Apparatus
With the pendulum housing (Section 3.9) in the raised position
VUpper specimen grip
PendulumCounter weight
Cam (enlarged)
Support points
P i g  3. 9.-3
Constant locus conn ter ba lance mechanism
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the copper taper was dismantled and the specimen carefully inserted 
(using forceps) through the hole in the lower grips until it entered 
the top grip where it was lightly secured by the clamp. The pendulum 
was then moved down into its working position and the bottom clamp lightly
tightened. The pendulum was then allowed to oscillate and checked for
free movement. The clamps were then tightened and qny bending of the 
specimen due to the clamping deformation was corrected. The taper was
reassembled and the pendulum housing lowered into the cryostat. The
upper support was then adjusted so that the pendulum swung freely and 
centrally. The output from the motion transducer was then observed 
on an oscilloscope and the position of the stationary coils adjusted so 
that the resulting sinusoid was symmetrical about zero.
The pendulum housing cover was now lowered into place and
-5the apparatus pumped down to about 10 torr. At this point cooling 
was commenced and the apparatus allowed to cool to around 70 K (liquid 
nitrogen coolant). Cooling was stopped and measurements of the instant­
aneous energy loss in the specimen were taken as it was slowly heated 
to room temperature. This took approximately fourteen hours.
During this time the drive current to the coil was indicated 
on a recorder against time, and also recorded on paper tape by a data 
logger together with the thermocouple e.m.f. In some later runs an 
X-Y recorder was used giving a direct plot of energy loss against 
temperature.
Frequency changes when required were achieved by changing 
the position of the masses on the inertia arms or by replacing them 
with different masses. A frequency range of about 0.6 Hz to 3# 5 Hz 
was obtained.
3.10 Results
Curves of energy absorbed against temperature, some showing
the occurrence of peaks in the region 160 to 220° K were obtained
in many of the experimental runs made with the apparatus. Figure 3.11*1
shows a typical internal friction curve exhibiting a peak. This curve
was recorded by an X-Y recorder linked to the apparatus. The peak
occurs at about 200 K the other undulations in the curve are not significant
• -4
as their amplitude is only about 1 x 10 or less; in the present work
at least, they are of no interest.
Figure 3.10.2 shows two successive traces of the peak in the
same specimen. A substantial measure of reproducibility is indicated
by these curves as the maximum variations are of the order of 1 x 10"~^ .
It is probable that these variations are due to changes in the specimen
occurring over the long period of vibration at 1 Hz during the first
-5run. Most of the minor variations are of the order of 2 - 3 'x 10 
and are most likely due to external disturbance of the apparatus.
Considerable difficulty was experienced with mechanical ’noise1 
which affected the movement of the torsion pendulum assembly. The 
possibility of this noise being of electrical origin was excluded by 
its absence when the pendulum assembly was rigidly clamped. The main 
effect of this noise was to set a lower limit on the oscillation amplitude 
which could be used in the present experiments. A secondary effect was 
that the larger noise peaks which occurred from time to time completely 
disrupted some runs. Similar noise effects have been described by Ritchie 
et al They eliminated the noise by resiting their apparatus in
a hut remote from other buildings and plant and ascribe the effect to
i «
building vibrations. These effects have also been noted by Kiowa et al
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In the present case the effect was found to he less at night, and thus 
all runs were taken over night. Minor vibrations of the building are 
in the present case also the most likely explanation.
The structure of an internal friction pendulum whether inverted 
or Ke type is similar to that of a seismograph in that a massive object 
with a high moment of inertia is suspended on a relatively light spring 
( in vacuo ), thus small accelerations applied to the body of the apparatus 
will cause relatively large lateral movements of the suspended mass, 
due to the small values of the lateral restoring force and damping. In 
an inverted pendulum some additional lateral restoring force is provided 
by the top suspension. Some workers have reduced the noise sensitivity 
of their pendulums by means of lateral damping elements such as pins 
concentric with the pendulum axis dipping into oil. While this is a 
satisfactory practice when the damping is high (around 10~ ), at low 
damping values (around 10~^ ) it may lead to errors, because while the 
energy absorbed by the damper for a needle situated exactly on the axis 
of the pendulum is negligible, any eccentricity of the needle, which in 
the practical case of a long pendulum is inevitable, will cause absorption 
of energy from the pendulum system. Any deviation from pure torsional 
motion of the pendulum resulting from small random accelerations of the 
kind discussed above will have a similar effect. A movement of the 
damping needle away from the centre of rotation mil result in the needle 
being moved through the liquid, producing an absorption of energy much 
greater than that due to viscous drag at the surface during pure rotation. 
An effort to eliminate these vibrations was made by mounting the apparatus 
on composite blocks of rubberised hair felt and paving stone, and 
increasing the weight of the equipment by adding concrete blocks to the 
base. A resonant frequency of 0.3 Hz was achieved in this fashion for
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the whole assembly. Such an assembly is, however, easily set into
motion by draughts, people moving about and other disturbances. To
eliminate this a draught screen was build and oil (140 SAE) dashpot
dampers added to the base of the apparatus.
Figure B.10.3 shows a typical trace obtained from a niobium
specimen after cold work and annealing, and a trace from a vacuum
annealed specimen. The latter shows no peak and slight variations
-4of about 2 or 3 x 10 which may be apparatus effects or various low
level relaxations. In the cold worked and annealed specimen a pronounced
~4 rpeak occurs at about 200 K with a maximum height of 8 x 10 (in terms
of logarithmic decrement). These curves clearly show that variations 
in the internal friction due to various mechanical and thermal treatments 
can be measured with accuracy,
3.11 Conclusions
In general the design requirements detailed in Chapter 4 
were met. The insertion and withdrawal of specimens was simplified 
by the construction of the cooled tip and could be accomplished without 
damage and with minimum flexure of the specimen. This is an improvement 
over the closed tube type of apparatus used in many previous investigations
(24) (27). The external vibration problem mentioned in Section 3.10 
unfortunately reduced the sensitivity and reliability of the apparatus, 
and prevented optimisation of the control circuits. It was not possible 
to resite the apparatus on a firm base remote from surrounding buildings 
and the compromise solution of an antivibration mounting proved only 
partially successful. This vibration problem was responsible for 
numerous anomalies and difficulties during the development of the apparatus
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and during the period when the measurements were taken.
The predicted sensitivity and linearity of the apparatus
were home out in practice. The basic sensitivity was better than 
-51 x 10 in terms of logarithmic decrement. Below this order of 
magnitude practical tests of sensitivity became difficult, because 
background damping values below this are difficult to obtain. A 
wide range of damping values could be covered by adjustment of the 
current in the fixed coil: with the present apparatus these values 
ranged from 10 ^  to 10  ^(logarithmic decrements).
The linearity of the measurements enabled simple recording 
techniques to be used. Table 5.11.1 shows a comparison of performance 
of internal friction apparata reported in the literature. Such data 
are, however, difficult to obtain as many papers describing apparatus 
do not give performance data; in some cases estimates have been made 
and these are marked with an asterisk.
Cooling and heating rates were slow but this was suitable 
for the low frequency measurements involved as the inertia of the 
pendulum is large and its amplitude changes slowly. Thus for accurate 
measurements, changes in damping must occur slowly. This is a 
direct consequence of working at frequencies in the 1 Hz range.
-5Background damping in the apparatus was less than 1 x 10 ,
which is approaching the limit for a practical system.
Many of the problems inherent in low level free decay measure­
ments are. eliminated. It would seem, from the problems of background 
vibration encountered, that at least in the very low frequency range, 
(at higher frequencies i.e., somewhat greater than 50 Hz, the isolation 
problem is less severe) the apparatus represents the greatest practical 
sensitivity.
TABLE 3.11.1
Author Method Accuracy
Kiowa (109) Photo cell decay 1 x 10~4
*
Buttera (30) Energy supply ¥
Szabo Minszenty 
(52) Energy supply 3 x 10~4
*
Salvi (29) Energy supply 1 x 10~4
*
Ritchie (34) Photo cell decay 1 x 10~4
*
Bays (lio) Automated photo 
cell decay
0.5/£
Perez (3l) Energy supply -
Bykov (36) Energy supply
Postnikov (7l) Energy supply
Ritchie (84) Photo cell decay 1 x 10“5
*
This work (2) Energy supply 1 x 10~5
Damping Range
—4- *10 upwards
-3
3 x 10 upwards
-4- —2 ■*5 x 10 - 10
_4
1 x 10 upwards 
3 x 10“4 - 3 x 10”2
1 x 10~4 - 5 x 10*“2
5 x 10~5 - 2 x 10~2
5 x 10~5 - 3 x 10“2
( Estimated performance only)
There is no reason to doubt the basic reproducibility of 
the apparatus as its action depends objectively on the interaction 
of two currents and many precautions have been taken at the design 
stage to eliminate possible errors due to small changes in specimen 
position etc. The reproducibility of the measurement as a whole is 
however, owing to the sensitivity of the specimen's handling, very 
difficult to establish objectively. The results of Figure 3.10*2 
indicate that the reproducibility of the system is of the order of
CHAPTER 4 DATA PROCESSING AND ANALYSIS
4*1 Introduction
Internal friction spectra consist of isolated or superposed 
single relaxation processes. Simple isolated spectra are easily inter­
preted in terms of the Debye model (equation^3.5)* The interpretation 
of more complex spectra is difficult (or even fallacious) without preliminary 
analysis of the spectrum into significant simple components.
The components which comprise a complex spectrum are often 
of simple Debye form. Cases exist where an extension of the Debye form 
is required (due to an distribution of energies in the relaxation process). 
Such cases may be expressed as a distribution of simple Debye processes.
The formal analysis of such spectra may best be carried out 
using mathematical optimisation techniques. Such techniques may be 
divided into two categories: linear and non linear methods. This division 
is necessarily based on the nature of the basic function into which the 
spectrum is being analysed. Basic functions in which all the parameters 
occur linearly may be fitted into the spectrum by a linear method, while 
functions in which any of the parameters occur nonlinearly must be fitted 
using a more complex nonlinear method. The Debye function is nonlinear 
in two parameters.
Rigorous analysis using nonlinear optimisation techniques 
requires much computation and demands the use of a powerful digital 
computer.
For the purposes of analysis the physical nature of the spectrum 
may be ignored and the problem reduced to that of fitting a number of
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areas R (x) into a data area Y (x) representing the spectrum. Such an 
approach enables spectra of great complexity to be rigorously analysed.
4.2 Representations of Single Relaxation Peaks
The solution of the differential equation for the deformation 
of a 'standard anelastic solid' gives (see Section 1.3)
J (oj) = 6J. ------- -—  4.2.1
1 + 0 )  T
where J ( m ) is the compliance o) is the angular frequency and t 
the relaxation time of the effect. At the peak temperature the product 
o) x is 1. In many cases the relaxation time t varies with temperature, 
and the Debye peak may thus be observed by varying the temperature. The 
relaxation time obeys an Arrhenius equation of the form
t”1 = t~1 exp ( - Q / R T) 4.2.2
where Q is the activation energy of the process, R the gas constant 
and T the temperature.
From equations 4.2.1 and 4.2.2 the form
Q-1 = 6 SECH ( Q / R  (1/T - 1 / T ) )  4.2.3x max v P
where <5 = 6 j/2max '
is obtained.
Further reduction gives
Q-1 = A SECH (Bx + C) 4.2.5
where A = <5 B = Q/R. and C = Q/RT
IilciX p
This function serves to represent a relaxation peak plotted against 
l/T in many practical cases. When fitted to a complex spectrum,
A, B, and C values for the parameters for each peak may be found. In 
some cases the peak is found to be wider than the standard Debye peak. 
Such cases often arise when a distribution of activation energies or 
relaxation times is thought to occur within the solid. To represent 
the internal friction peak in such cases a distribution function has 
been suggested (ll).
/
4.3 Background Relaxation Amplitude
Most relaxation spectra possess a background level not 
described by the functions considered in Section 6.1. This background 
level varies slowly with temperature and is usually monotonic. A 
suitable function for background representation is thus an exponential 
of the form
K exp ( Gr/T ) 
where K and G- are arbitrary constants.
Such backgrounds may be treated in two ways; the values of the constants 
may be found by fitting an exponential through points of the data where 
it may be confidently asserted there is no relaxation amplitude due to 
the peak and subtracting the resulting expression from the data; or the
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two parameter exponential expressions may "be treated as part of the 
data to be iterated in a general least squares method. The second method 
is less likely to lead to serious errors, but requires a powerful 
alogarithm for the iteration since the number of parameters is large.
The remote points fitting method, as the first method will be termed, 
allows the fitting of only a single exponential, while any number may 
in fact be fitted by the second method, thus allowing for a non monotonic 
background.
4.4 Simple Methods of Spectrum Analysis
Besides true optimisation methods, spectra may be analysed
by ad hoc methods involving fitting and removing single peaks. Such
methods are laborious in application and of uncertain accuracy as 
they necessarily involve many user decisions and are thus subject 
to user bias.
4.5 Unconstrained Optimisation
The term unconstrained optimisation is used to describe 
the general methods applied to the solution of the problem of finding 
values of parameters P so that F ( P - P_^ ) has a minimum value.
A common practical case for the employment of such methods is the 
fitting of a theoretical expression into some given data: this is the 
present problem.
Given a set of observations it is required to fit to
them a set of values Eh calculated from a theoretical expression, 
that is to minimise the difference between the observed and calculated 
values. The difference between the two sets of values may be defined
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in many ways, i.e. the sum of all the differences of each individual 
pair of points, the average difference or the sum of the squares of 
the differences. In the present problem it has long been established 
practice to use the sum of the squares of the differences, although 
formal justification for this is widely held not to exist. Iheisum 
of squares gives an essentially positive definition to the error and 
also gives greatest weight to the largest error.
Thus it is required to minimise the function
li (q - F. )2 4.5.1
this may be achieved by differentiating with respect to the parameters, 
and setting the result equal to zero, thus
d
  ( X - F ) = 0 4.5.2
a Pi
The problem now becomes one of finding the minimum of a 
function of n variables in a space of n + 1 dimensions. For a 
problem in which each parameter occurs linearly the minimum may be 
found by differentiation followed by solution of the equations obtained 
by setting the derivative equal to zero. When some of the parameters 
occur in non linear form the resulting set of equations must first be 
linearised in order to make solution possible. Linearisation may be 
achieved by substitution in many cases; where substitution fails linearity 
may be achieved by using an approximation to the function. Such an 
approximation is often a truncated series expansion. The initial solution 
for the minimum is used as the starting point for a second approximation
and the process repeated until the differences between successive values 
of the parameters are less than a stated tolerance; at this point the 
problem is deemed to have converged to the required minimum. The linear 
case involves a simple matrix inversion and will not be further discussed.
4.6 The Honlinear Case
When no linearising transformation can be found it becomes 
necessary to examine other approaches. A possible approach is to examine 
the sum of squares f or each of many combinations of the a^ choosing 
the combination giving the smallest sum of squares as the correct one.
Such a technique does not ensure that a true minimum sum of squares will 
be obtained or that the chosen set of parameters is unique. This method 
has been systematised as ‘the method of steepest descent’.
A second possibility is to linearise the function by expansion 
in a truncated Taylor's series. Initial coefficients of the series are 
evaluated from estimates of the solution supplied by the user and sub­
sequent coefficient values from the solution of a system of linear 
equations. This process is continued until some convergence criterion 
is satisfied. This is the basis of the Gauss method.
Assume that initial estimates of the parameters are supplied, 
and denoted by a. , the set of estimates then is represented by a 
point in the hyperspace representing the parameters. Expanding by 
Taylor's series about this point an approximation to the function is 
obtained in the form
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where f (i>o) means the partial derivative with respect to a
\ ' *fcllevaluated at (a. n a^  ....... a ) for the i data point,i,ol 2,0 p,oy *  9
and the <5 Y. are the differences between Y. and the values 
1,0 1
thof the function for the i set of independent variables and the 
estimates a^..
The problem is now reduced to one where linear methods may
be applied. The 6 Y. are the dependent variables, the f , (i,o)i,o am
the independent variables, and the 6 a^   ^ the parameters. The 
normal equations become a set of linear equations which may be summarised 
in matrix notation as
D P  = Z ,4.6.2
where the elements of D are Sail, 6a01, ....    6a
21 P,i
those of P are
n
P jk = P kj = I  ff (i,0) f (i,o) 
i=l J
and those of Z are 
n
K  = .1 « * (i,°) f'ak <i>°)
A solution to the equations (4.6.2) gives a set of values with which 
to modify each of the a^  giving
where h is a moderating constant chosen to suit the particular system, 
but often unity. The process is then repeated with the modified parameter
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values, until after a number of iterations the modification to each 
parameter is deemed sufficiently small or when the process has converged 
to a minimum sum of squares.
4.7 Problems of the Simple Gauss and Steepest Descent Methods
In practice the Gauss method often fails to converge on the 
required minimum. Instead divergent behaviour occurs with both the 
parameter values and the sum of squares increasing rapidly. This 
behaviour is strongly dependent on the values of the initial estimates 
in relation to the shape of the problem hyperspace, in particular 
its rate of curvature, which determines the range of the linear 
approximation, used in deriving the Gauss method. As already mentioned 
the steepest descent method is in many cases unreliable and also 
liable to extremely slow convergence. This unreliability of both 
basic optimisation methods has led in recent years to the production 
of various alogarithms with improved convergence rates and reliability. 
These improved alogarithms follow the general principle of examining 
the results of the predicted modification and altering the projected 
change if this is found to lead outside certain preset limits.
It is important to realise that for any real problem the use 
of a computer is necessary, as the amount of calculation required 
for each iteration is far in excess of that possible by hand methods: 
e.g. for a problem involving 100 data points and 3 parameters the 
erection of the normal equations matrix alone requires the calculation 
of 2100 separate values and this must be followed by the operation 
of matrix inversion. In programing any optimisation alogarithm, 
provision must be made for the calculation of function values and 
derivatives for any desired function.
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A second reason for divergent behaviour is ill-conditioning 
of the matrix of normal equations, that is to say that the terms of
the matrix become so small that rounding errors 'influence the solution 
to an unacceptable extent.
To overcome these difficulties modifications have been made 
to both Gauss method and the method of steepest descent; the general 
form of these modifications will be discussed in the next section.
4.8 Extensions of the Simple Least Squares Methods
The strategy employed in most cases is to require the direction 
and length of the parameter step to lie within suitable bounds. It 
has been observed that the angle between the directions taken for 
the same problem by the Gauss and the steepest descent methods is 
in the region of 90°; it is also obvious that in order to decrease 
the value of the sum of squares the step direction must fall within 
90° of the negative gradient of the surface.
Methods of achieving the above results simultaneously are 
described by Marquardt who has published a Fortran program embodying
them Powell has further modified Marquardt* s extension of
the Gauss method to give improved convergence and a better convergence 
rate. The result is almost certain convergence in most practical cases. 
The method has been programed as a Fortran subroutine for the Harwell 
Atlas computer. This subroutine also employs numerical calculation of 
derivatives.
4.9 General Strategy for Internal Friction Data Analysis
Internal friction data are usually in the form of a list of
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relaxation amplitude values and corresponding temperatures. In the 
case in question the relaxation values exhibit peaks of either single 
or multiple form which it is required to separate and fit with suitable 
Debye or lognormal type peaks.
Starting values for the parameters will be required for least 
squares fitting; suitable values may be obtained either from the 
spectrum itself by graphical methods, or from a knowledge of the processes 
involved in the spectrum. The relaxation amplitudes, which are linearly 
occurring parameters in the peak representation, may be found using a 
linear least squares fit. The values are then iterated by an optimisation 
routine; for a normal size peak fitting operation up to 500 iterations 
may be required.
On completion the results are presented to the user in a 
useful form, necessarily as a table of parameter values and differences 
between the fitted curve and the data. Provision for synthesising 
data from parameter values provides a useful check on both the program 
operation and on the validity of the assumption underlying analysed 
spectra, i.e. the effects of small changes in the spectrum parameters 
on the fit may be compared with the accuracy of the experimental data.
Although it is in theory possible to analyse data using a 
more complex spectrum model and provision for this is made in the 
program, the limitations of available computer space and time precluded 
its use on the beta peak spectra mentioned above.
4.10 ' Test Run
The program was tested on data comprising three Debye components 
the parameter values of which were based on those of Snoek peaks observed 
in niobium. The parameters were fed to the program which then synthesised
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the spectrum. The program was then set to analyse the spectrum with 
starting estimates approximately 20fo different from the true values.
Convergence to a sum of squares of less than 1.0 in terms of 
scaled data (in terms of real data 1 in 10~^ ) was obtained after 188 
iteration cycles talcing a total of fourteen minutes processing time 
(about 28 minutes total run time). Samples of the output from this 
run are shown in Appendix IV. It will be seen that the values of the 
parameters became very nearly equal to the true values. See Figure (4olOel)® 
This run demonstrated that using the present program, three 
relaxations can be fitted into a complex spectrum starting from very 
approximate estimates of the parameters. Given suitably accurate data 
the program solves the problem of decomposing complex spectra into a 
given number of components of predetermined form. It is not in all cases 
feasible to determine the exact number of components in an experimental 
spectrum since experimental errors in the data will cause large errors 
in the smaller components. It is however, possible that in many cases 
a best fit will be obtained for a finite number of components, enabling 
conclusions to be drawn regarding the number of relaxations involved.
Although it is possible, in theory, to analyse internal friction 
data using a more complex spectral model,(provision for this was made 
in the program^ the limitations of available computer space and time 
precluded its use on the beta peak spectra obtained in this work.
4*11 Conclusion
' The methods for the analysis of relaxation peaks described
in the preceding sections were developed in parallel with the construction 
of the apparatus with a view to their application to the beta peak. The 
beta peaks obtained are not, however, amenable to separation into simple
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Debye components,
A satisfactory automatic method for the analysis of complex 
relaxation spectra is important in the whole field of internal friction. 
The method and programme presented here provide a solution to this 
problem. The program has been written to allow flexible presentation 
of data and an easy to use interface with the user. Provision of 
a scaling routine so that each parameter space had the same magnitude 
was essential to the convergence of the method.
The methods described here enable many complex internal friction 
spectra, or other spectra expressible in a similar form, to be analysed 
conclusively in terms of basic components with minimum dependence 
on the previous ideas of the user as to the spectrum content.
DEFECTS IN BGG METALS - THEIR PROPERTIES M D  RELEVANCE
TO LOW FREQUENCY INTERNAL FRICTION
5.1 Introduction
In metals the lattice defects of interest from the low 
temperature view point are point defects such as interstitials and 
vacancies, and extended defects, such as dislocations. Knowledge of 
the properties of these defects has increased greatly in the last few 
years. In this chapter current ideas on point and extended defects 
and how far the current theory is able to make calculations for 
anelastic effects in b.c.c. metals are reviewed.
Lattice defects interact through their associated elastic 
and electric strain fields. The interaction results in lattice distortion, 
or attractive or repulsive forces the symmetry of which will be determined 
by the symmetry of the lattice and the defect.
Such interactions may be divided into two classes:
1. local interactions
2. general interactions,
in the sense that local interactions involve only a few atoms and
general interactions involve a comparatively large number of atoms.
Local interactions are normally of well defined energy and thus give
rise to sharp peaks of the Debye form. General interactions have ill-
defined interaction energies and thus tend to give rise to broad
relaxation spectra often not following any simple form. Recent work 
(53)has shorn that both for point and line defects crystal anisotropy
is important, since forces between defects become either attractive 
or repulsive depending on the relative positions of the defects,
84.
within the crystal lattice.
5.2 Point Defects
An elementary description of relaxation due to point defect
in crystals is given by Kronemuller Kronemuller indicates the
possibility of the existence of defects with lower symmetry than the
lattice symmetry, thus reducing the symmetry of the crystal body.
The relaxation strength and internal friction may be found
for specific defects. Such calculations require a rather wider
theoretical approach such as is used by Nowick et al ^
The relaxation of point defects has been examined in detail 
(5)by Nowick and Heller x . A theory has been developed to describe
the response of a crystal containing defects to an external stress
field in terms of the symmetries of the defect and stress. This
approach has led to selection rules depending on the crystal symmetry.
(7)In a subsequent paper relaxation times have been derived for 
various common crystal and defect configurations.
Nowick and Heller assert that the presence of relaxation 
effects due to point defects requires a certain relationship between 
the symmetry of the defect and that of the crystal. For the crystal 
symmetry used the ’Crystal group1 may be obtained from the literature
f  \
. The order of the crystal symmetry is designated • The 
symmetry of the defect is denoted as the ’defect group’ and represents 
the symmetry of the defect embedded in the crystal. To determine 
the symmetry of any defect crystal system the isolated crystal and 
defect symmetries are first compared for common operations, then the 
equilibrium defect lattice is examined for any further lowering of
the defect symmetry. The lower the point group symmetry with respect 
to the crystal group the more complex: the defect. In a b.c.c. 
lattice for example, four possible configurations for the single 
vacancy have been proposed. These configurations are shown in Figure 
5-2.1. It is possible to confirm using models, if required, that in 
each case the crystal lattice plus a single defect has the quoted 
symmetry.
The response of the defect in the lattice is determined by
the defect response tensor. The crystal having unequal concentrations
C F
of defects^in various orientations^will possess an 'anelastic strain1
an
e given by
i j
(P)J X C 5.2.1L . . p
1 J 1 J
a ne
(p)
where the quantities X . . constitute a second order
i 3
(P)
symmetric tensor x . . may be defined as
i J
X (p) 3 e . . / 8 C 5.2.2
• . 13 P13
i.e. as the strain increment of class ij, per mole fraction of defects 
in orientation p. The free energy of such a defect situated in a 
stress field a is
t -
I V
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k
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X is the response tensor of the system for a stress field. By a
ij
suitable choice of axes the \  tensor may be reduced to diagonal form 
i.e. the axes lie along three orthogonal principal directions.
*1 0 0
0 X2 0
5.2.4
_ 0 0 X3 -
The values X^9 X^ are direction independent i.e. they, with
the associated direction cosines serve to express the tensor.
The integer defined by
n = h / h 5.2.5e x t
where is the order of the crystal group and ht is the order
of the defect tensor group, represents the number of distinct response 
tensors for the given crystal defect system. Consideration of conditions 
for repopulation of sites leads to the following rule:- 
*A crystal containing a given point defect will undergo relaxation 
in the presence of a particular type of external field if and only 
if n£ > 1 for all defect and crystal combinations*. Values of 
are given in Table 5.1.
It is useful to discover which components of an applied 
field will give rise to relaxations, i.e. to find the selection 
rules for relaxation. To achieve this it is necessary to represent
the group operations as irreducible representations of the point
group. Group theoretical calculations (set out fully in Nowick's 
paper (^ kid)^  ^ea(^  f0 following rule for the selection of relaxations
CRYSTAL
CUBIC HEXAG TRIG TSTR ORTH MONO TRICL 
CUBIC 1 - 4 3 6 12 24
°h' Td’ 0
CUBIC 1 4 - 3 6 12
® '
HEXAGONAL - 1 1  - - 3 6
Dr. # D„ Gc, Dr  6h j>w oh 6
HEXAGONAL - 1 - 3 6
C6h' Cx' °6
TRIGONAL 1 - - - 3
, G„ , D,3h9 3
TRIGONAL 1 - - - 3
S6» C3
TETRAGONAL 1 2 4 8
D4h' ^26.* C4v* D4
TETRAGONAL - - 1 2 4
c„-u» c>. » s„4h . 4v* 4
ORTHO - - - 1 2  4
(All)
MONO - - - - - 1 2
(All)
TABLE 5.1
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by a given stress:- 'In a crystal containing defects of a given 
symmetry a compliance can only undergo relaxation if there exist 
symmetry coordinates of concentration belonging to the same irreducible 
representation'. The restriction that the total concentration of 
defects in the crystal remains constant is imposed.
Nowick and Heller proceed to treat the thermodynamics of 
relaxation by a 'pseudo-Gibbs function' approach. The pseudo-Gibbs 
function G is defined as a function of the temperature, external 
fields and defect concentrations in the various orientations. In a 
true Gibbs function with given temperature and field components the 
concentration would be explicitly determined. In the present case 
these concentrations are treated as independent variables. • This is 
justified since it is possible to maintain any non-equilibrium con­
centration values by lowering the temperature.
(7)In a further paper Nowick investigated relaxation 
kinetics from the view point of crystal defect symmetry. The 
kinetics of the process was represented by relaxation times. Nowick 
treats the problem as analogous to that of obtaining the eigen 
frequencies of molecular vibrations in the sense of obtaining the 
eigen values of a set of linear equations. The restrictions in defect 
concentration and interconversion mentioned in the previous paper still 
apply.
These eigen vectors are called 'relaxational normal modes'. 
Further application of group theory leads to a solution for relaxation 
times in terms of the symmetry coordinates of the problem. In order 
to work out the symmetry coordinates of concentration it is necessary 
to introduce a formal numbering system for the defect orientation.
An elastic dipole is represented by three directions and three principal
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strain values. The numbering convention used is that the major crystal
symmetry axis is labelled No. 1, the orientations generated from this
axis by its associated symmetry operations Nos. 2,  3 and so on
for the secondary operations. Tables of symmetry coordinates of various
(7)crystal defect systems are given in the paper .
It is easily seen that in many cases more than one relaxation 
time can be associated with a given crystal defect system. This 
results, in the case of a randomly orientated or polycrystalline specimen, 
in the occurrence of a multiple relaxation effect, such as a spectrum 
of Debye peaks, thus giving rise to a multiplicity of relaxations from 
one single defect species. If one of the orientation frequencies is 
very much greater than the others and does not appear in the relaxation 
time expression for each of the frequencies, the relaxation times may 
be very different. On applying the Arhenius law such differences of 
relaxation times result in a wide spacing of relaxations on the 
temperature scale. This phenomenon is termed by Nowick 'the frozen- 
free split'. The splitting is explained by the possibility that at a 
given temperature the defect may not have access to all its equivalent 
orientations via the dominant reorientation at the given temperature. 
Nowick gives two rules for the occurrence of the 'frozen-free split', 
viz:-
1. "The dominant reorientation must be one which, when carried 
out repeatedly, takes one orientation of the defect into 
a set of orientations which together represent a higher 
symmetry defect".
" 2. "The higher symmetry defect must also give rise to relaxation 
under the field in question, but with a smaller number of 
active modes".
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The result of this splitting is that the observed relaxation 
over a limited temperature range will not, if split, properly represent 
the true symmetry of the defect.
Nowick gives examples of relaxation times calculated for 
various crystal defect systems. For the Snoek effect in a cubic 
crystal the defect has tetragonal symmetry and
"I Q
t = 3 y
1 2
The possible jumps are shown in Figure 5 2. is the nearest
neighbour jump rate and \1 that of the next nearest neighbour jump. 
Assuming that only the nearest neighbour jump is important and noting 
its two possible directions one obtains,
SO
I-1 = 6 ^
Allowing for the next nearest neighbour jump one obtains
t"1 = 6 Wx + 1 2 W2
For the dumbell interstitial in a free lattice one also obtains 
a tetragonal defect and again
T_1 = 3Y1 2
The lattice and jump positions are however different from the previous
Fig 5.2.2
Jump directions in bee unit ceil
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case. Two types of jumps are possible, a rotation of the defect and 
a migration, with jump rates respectively and W^. Thus one obtains
T_1 = 6 WT + 12 WM
In conclusion Nowick remarks that:-
1. Maximum information may only be obtained from experiments on 
single crystals.
2. The relaxation rates are independent of the space lattice and 
detailed crystal structure and depend only on the point symmetry 
of the defect and crystal.
3. The presence of multiple relaxation processes does not necessarily 
indicate the presence of more than one defect species.
4. The *frozen-free split' phenomenon previously mentioned may 
occur.
5 .3 Dislocations
The concept of dislocations is due to Voltera and dates
from around 1907; the application of dislocations to the description 
of crystal properties is due to Orrowan and others and dates from about 
1934. In crystals two main classes of dislocations may be specified, 
edge and screw dislocations. Dislocation theory is expressible 
entirely in terms of a continuum theory. Modern accounts of the 
general theory of dislocations may be found in and
Figure 5.3.1 represents a cylindrical region in an infinite 
isotropic material. The cylindrical region is sheared by an amount 
b creating a dislocation along z . The shear vector b defines the 
dislocation intensity and is called the Burger's vector, its direction
Fig 3.
Fig 3.
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95.
is defined relative to the dislocation tangent vector s . Since the 
displacements do not give rise to cross terms the elastic solution 
may be separated into an edge part b^ and a screw part b^ . In 
the screw dislocation the original set of circular planes is distorted 
into a helix of pitch b^. The edge part forces an extra half plane 
into the material. Host real dislocations are in fact the sum of edge 
and screw components. For a screw dislocation the total elastic energy 
per unit length ¥ is given by
2
W = I a2 0 = - h ■ 5.3.12y z o 2 28tt r
where o is the core radius inside which linear elasticity breaks 
down, ji is the shear modulus, r is the radius of the cylindrical 
medium and b the screw Burger*s vector.
(75)For an edge dislocation ¥ is given by '
h2
W = y x In R / r 5.3.2  o
4tt(1-y)
where y is Poisson*s ratio and b^ the edge Burger’s vector.
5.3.2 Kinks and Jogs
The periodic nature of the crystal lattice is reflected in 
the configurations adopted by real dislocation lines. These configurations 
are characterised as kinks and jogs.
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A dislocation pinned in two separate valleys spans the hill 
between them resulting in a kink. Figure 5.3.2. The potential of the 
kink is a function of the energy barrier height and the dislocation 
line tension. A kink may be assigned mass and energy. Where a re­
crossing of the same barrier occurs a double kink results. (Figure 
5.3.3)
Jogs occur where a dislocation lies on several slip planes. 
Geometrically the dislocation is displaced normal to its glide plane. 
Figure 5.3.5 shows a jog on a screw dislocation.
Visualisation of the atomic configuration arising from kinks 
on screw dislocations is difficult. Some configurations of vacancies 
and kinks on screw dislocations are given in Figure 5.3.6
shows the conceptual process for kink formation. The crystal is sliced 
by two cuts normal to the screw axis and the two halves are translated 
in the direction of the kink and rejoined. This leaves a wedge shaped 
hole which must be filled by extra material.
5.3.2 Dislocation Kink Parameters
The concept of kinks may be used to describe the movement
of dislocation under small stresses. A detailed derivation of kink
(19)parameters is given by Seeger and Schiller . A difference may 
be made between geometrical kinks, those due to crossing of hills and 
pinning in different valleys, and thermal kinks, those due to thermal 
stresses which are always formed in complementary pairs. A kink is 
under the influence of three main energies, the line energy T of 
the dislocation, the Peierls energy and the interaction energy ae 
between distant dislocation line segments.
The Interaction energy P between kinks may be obtained by 
calculation of the energy of a separated double kink. The result obtained 
is
2
P = —^  ■ (X^ y)  ^ (1+Y) cos2 0 + (1”2y) sin2 0 }
where 0 is the angle between the dislocation line direction and the 
Burger’s vector.
5.4 The Motion of a Dislocation with Kinks
The concept of a kink is useful in the consideration of a 
trapped dislocation. The motion of kinks has been considered by many 
authors, often as part of an exploration of the Bordoni and Alpha
relaxation peaks at low temperature. Notable papers are those of
(77} s (18  ^ (20^
Seeger , Pare , and Brailsford . A more recent treatment
is that of Engelke which is notable for its successful explanation of
some parameters of the Bordoni peak. Treatments leading to specific
relaxation mechanisms will be described later.
Engelke v ' treats dislocation motion in crystals as a
thermally activated process and employs a description of thermal activation
due to Geszti v . The essence of Geszti’s description is that
loss of energy and loss of momentum are two different aspects of defect
motion. In a hopping process (where E >> k T) momentum is dissipated.
This dissipation occurs by the transformation of directed motion over
the barrier into random motion in a potential well. The momentum is
(62)lost in a few lattice vibration periods, an interval much shorter
Fig- '5 •
Fig -5.
Fig 5.
3.4
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Jog on screw dislocation.
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than the mean time between jumps t . Two extreme mechanisms for
P
the energy loss are apparent:- Past thermalisation where the jump
energy is created and destroyed in a time approximately equal to t .
P
This case agrees with classical rate theory. Slow thermalisation 
where the defect looses energy in a time very much greater than t^ .
This case may deviate from classical rate theory.
The applicability of the above cases depends on the mechanism 
of the energy interchange between the defect and the lattice. Double 
kinks with their single degree of freedom fall into the first category. 
Depinning processes from point obstacles may, due to the existence of 
localised modes fall into the second category.
5.5 Point Defect Dislocation Interaction
The third type of interaction that can give rise to internal
friction in solids is dislocation point defect interaction. Theories
describing this interaction may be viewed in two ways, either as a
description of the interaction as it occurs or as a general description
of the point defect dislocation interaction, serving to describe
certain parameters but not representing the exact processes occurring.
The best expression of this duality lies in the descriptions of damping
(79)mechanisms which require unpinning of dislocations , which may
s
be equally well described as the motion of dislocation^perturbed by 
point defects. For this reason care has to be exercised in the inter­
pretation of the various damping mechanisms.
(53) (54)Recently, calculations , have been made of the relative
interaction energy between point defects and dislocations in various 
metals. These calculations have also included the radial and angular
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variation of the energy around the dislocation Such knowledge
of interaction energies and distributions throws new light on the 
processes of internal friction at low temperatures and enables a new 
internal friction mechanism to be specified*
5.6 Models for Low Temperature Damping Peaks
Various models have been proposed to explain the occurrence 
of the damping peaks observed at low temperature. Almost all models 
are based on dislocation or dislocation point defect interactions. It 
is proposed here to give a brief resum£ of the current model and to 
comment on its usefulness: the beta peak complex in bcc metals however 
has at present no definite model.
(qi)
Lueke y proposes four types of interaction between dislocations 
and point defects. The movement of point defects to dislocations to 
form pinning points, ;
Movement of point defects along the dislocation lines -- ;
The movement of a dislocation between fixed pinning points ;
The movement of point defects together with a moving dislocation.
The last category may be subdivided into the following classes:- 
Motion of defects with the dislocation perpendicular to the original
line position -- ;
Motion parallel to the line -- ;
A rotation of defects with low symmetry due to the change of the local 
stress field.
5.6.1 The Borodoni Peak
(82)This relaxation was first observed by Borodoni . The
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Borodoni peak has been observed in many fee metals especially copper
and aluminium. Notable investigations are those of Niblett and
Parlf The frequencies of investigation range from less than 1 Hz
to the M Hz range.
The characteristics of the relaxation are that the peaks are
absent in well annealed material and appear only on straining, the
amplitude of the relaxation peak depending on the amount of prestrain.
The peak temperature varies with the amount of strain but is very nearly
independent of the vibration amplitude. The relaxation is wider than
a single relaxation peak.
The Borodoni relaxation has been described in terms of the
motion of dislocations and the motion of kinks or jogs on dislocations. 
(85 \
Seeger et al have proposed that if the frequency of the applied
stress and the frequency of kink formation are of the same order, 
energy may be absorbed by the formation and dissociation of kinks, 
giving the maximum internal friction as
<5 =  5.6.1
max 2 (1+p)5
where
2 N a b2 A G W op = ---------------
kT
where Nq is the number of dislocation loops per unit volume of mean 
length L, A is the total area traversed by a dislocation, W is the 
kink width and der, the kink separation.
A second theory has been proposed by Brailsford post­
er
+ 0.3
3W
5.6.2
ulating that the energy loss is due to thermally activated diffusion 
of kinks. Solution of the equation for formation, annihilation and 
transport of kinks on dislocations leads to the following results: 
The internal friction
6 - N u f (1,1) x 2 2 P (1) dl 5.6.3
. 1 +  0) T
where 1
P (1) dl = exp (- . /  1 ) d i/ 1 5.6.4
and the relaxation time
9 9
t = I /Dtt
where 1 is the mean loop length and f (l,T) is a function of loop
length, kink density and temperature. Changes in the peak with cold
work or other variables are explicable in terms of changes in the loop
i l l )length and kink density. Seeger ' has, however, shown that the
-5energy may be of the order of 1 0  ev which is too low to give rise
to a relaxation at the Borodoni peak temperature.
(86)Feltham has proposed that the Borodoni peak is due to
( 87 )the conservative motion of jogs on dislocation lines. Gilman has
proposed that the mechanism involved is that of the transition of edge 
dislocation dipoles. Each of the above explains some features of the 
peak but none explain in full all the observed properties of the 
relaxation.
5.6.2 The Hasiguti Peaks
The relaxation peaks termed Hasiguti peaks occur in many cold
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worked metals at temperatures above that of the Borodoni peak. Since 
the peaks are entirely dependent on cold work it is sensible to suggest 
that they are due to lattice defects associated with cold work either 
alone or interacting with dislocations.
Okude and Hasiguti explained this relaxation peak in
the following way. A pinned dislocation line has a certain probability 
of thermal depinning. After a break away there is a probability of 
repinning by the same defect before the dislocation has returned to 
its original position. When the frequency of this process coincides 
with that of the applied stress the absorption of energy will be a 
maximum. Experimentally three peaks are observed. This fact is explained 
by assigning vacancies, interstitials and divacancies as the pinning 
elements for each peak.
An alternative explanation is given by the kink diffusion 
model of Brailsford : thermal unpinning of kinks allows them to 
move a short distance under the applied stress and return upon reversal 
of the stress. The frequency factor of the process is given by
T 2 / 2 2 7 2 c * rx = L /iry A 5.6.5o
and the relaxation strength by
A = 8 m  G a2 b2 L2 / tt 4 kT 5.6.6
where L is the dislocation loop length, Y the attempt frequency 
13 -
( ^ 10 Hz ) A is the average pinning point distance, &
the dislocation density and N the kink density.
(86)Feltham v postulates that the Hasiguti relaxation is due
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to limited unpinning of a dislocation line by the applied stress with 
subsequent repinning. The frequency factor of the process is given 
by
t = 2 x 1 0o
-7 y G b 1 
kT
5.6.7
where 1  is the pinning point spacing.
5.6.3 The Eoster Peak
The Eoster peak mechanism has been proposed to explain various
peaks occurring after cold work in bcc metals. Energy is lost from a
pinned dislocation by the dragging of its Cottrell atmosphere as it
(9l)moves under the applied stress. Schoeck ' has calculated the 
internal friction effect due to this interaction for low dislocation 
densities.
By considering the diffusion of interstitials toward the 
dislocation and solving the differential equations for dislocation 
motion, internal friction is given by
7rr A 1
6 =
o> € A (z) Z dz _____
1 +co r z
5.6.8
where
5 = 9 ttR2 kT C, l2 / 16 ^3 G b5 D
d o
and
i ( z )  = 4(zo) / A
is the loop length distribution function, z = 1  / where 1 q
/ x 0
is average loop length. For small displacements the Einstein diffusion 
relation becomes inapplicable. In this case the population changes on 
the dislocation line must be treated numerically by expansion in a 
Baylor series and the energy changes examined by a thermodynamic 
method.
(92)Belov ' 7 extends this treatment by using a Green*s function
to solve the tensor equations for dislocation motion and obtains for 
the internal friction peak
7rN l2 ,, . N L2 , r ,
0 = ----  (1 + y   ) 5.6.9
30 ° 15
where 1  is the dislocation loop length, N is the dislocation density 
and y0 8X1 effective concentration factor modifying the dislocation
density.
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Turkov and Shermegor 7 give an extended treatment of
difusional relaxation employing the diffusion equation and a realistic 
potential around the dislocation. After much manipulation they obtain 
expressions for the value of internal friction at high frequencies and 
also for weak impurity dislocation interactions.
The expressions for the internal friction require graphical 
determination of certain function values for which reference should be 
made to the original paper. The expression for the internal friction is
H A2 C kT 
where _ _____ 0
X
g^ and g^ are the functions mentioned above, A is the average loop 
length, G the shear modulus, b the Burger's vector, Cq the 
concentration parameter for the impurity, k is Boltzmann's constant, 
T the temperature, D the diffusion constant, X the dislocation line 
force constant, B is an orientation factor, and A is the lattice 
spacing.
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CHAPTER 6 EXPERIMENTAL OBSERVATIONS M D  PHENOMENOLOGY OF THE LOW 
TEMPERATURE PEAKS IN bcc METALS
6.1 Introduction
A number of experimental studies of the low temperature peaks
in transition metals have been made. The main metals of interest are
niobium, tantalum and molybdenum, less emphasis being placed on tungsten
and other metals.
Phenomenological explanations of the mechanisms causing the
peaks are based on the observed properties of the peaks after various
treatments. The basis of these explanations is a unique relationship
between the treatments and the effects they produce in the material.
This relationship, however, is not always clearly established or unique.
A detailed account of earlier experimental work on low
(2 l)temperature peaks in the bcc metals is given by Chambers which
_3
covers frequency ranges from 10 Hz to 200 K Hz. The lowest temperature
peak has conventionally been designated the alpha peak, the next peak
on the temperature scale the beta peak, etc. .This convention has recently
been broken by designating a peak occuring below the alpha peak as the
delta peak. Components of peaks are designated by subscripts e.g. al a2.
Pour low temperature peaks have been observed and described
in bcc metals, the alpha, beta, gamma and delta peaks. The alpha peak 
(2 l) occurs at temperatures around 100K at 1 Hz. The peak is broad 
and increases in height with plastic deformation at higher temperatures.
The beta peak occurs around 200K at 1Hz and has been reported
to have a complex structure. The beta peak appears to be dependent on 
room temperature deformation and subsequent high temperature anneals in
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(27)a complex fashion . The gamma peaks have been reported at around
(2l)
400K in tantalum . Although not strictly low temperature peaks
their behaviour under plastic deformation is held to indicate some
relationship with the alpha and beta peaks. The delta peak has been
(93) (94)reported at around 40K at 15 KHz in Niobium ' : it appears as
a single peak with a simple structure. The gamma peak has only been
(2 l)observed at high temperatures ' and will not be further discussed.
The dependence of these peaks on cold work, possibly indicates
the participation of point defects or dislocations in the mechanism.
Due to the uncertainty as to the basic relaxation mechanism, no detailed
theory exists for the relaxation mechanism. A significant background
damping level occurs in the same temperature range as the peaks. The
observed background damping in metals is found to increase from low
values at temperatures approaching absolute zero to a high value at
the melting point. The damping is generally supposed to be due to
the motion of dislocations under the applied stress.
The commonly accepted theory for background damping is that 
(l5) (95)of Granato and Luecke . The Granato-Luecke theory proposes
that dislocations in crystals are pinned by a variety of defects having 
a wide distribution of pinning points broadly classifiable into soft 
and hard pinning points. The damping occurs due to motion of the 
dislocation loops5 the observed behaviour with increasing oscillatory 
stress is explained by the distribution of pinning point energies which 
give more free loop length as the applied stress increases. The loss 
is observed to be frequency dependent over a broad frequency band as 
the dislocation loops approach resonance with the applied frequency.
As the applied stress is increased the nature of the damping changes.
This effect is explained by the catastrophic break away of the dislocations
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from their pinning points, giving rise to a hysteretic damping which 
is amplitude and frequency dependent
6.2 Experimental Observations
6.2.1 The Alpha Peak
On plastic deformation at room temperature many bcc metals 
show broad damping peaks. Chambers and Schultz describe these
peaks in niobium, tantalum, molybdenum fcnd tungsten at 15 K Hz
Early observations of these peaks are those of Chambers and 
Schultz and Bruner (97)^ ^ese and other observations (Chambers
and Schultz have established the general behaviour of the alpha
peak with prestrain at medium to high frequencies. The alpha peak 
height increases with prestrain up to a critical amount of prestrain 
and then decreases; the peak temperature shows a general small variation 
of about 5 K with prestrain, although such a value is not outside the 
error of temperature measurement in this region. Chambers and Schultz 
also confirm the above outline for low frequencies.
The alpha peaks in the refractory bcc metals, are stable at
room temperature; however, annealing has been reported at 200 deg. C.
(97)
Bruner and Chambers and Schultz describe annealing of the alpha
peaks and the subsequent growth of the peak upon restraining. Isochronal 
annealing of the alpha peak in molybdenum has been carried out by Chambers 
and Schultz who found that the alpha peak appeared to change
structure and shift towards lower temperatures as the peak height decreased. 
Amplitude dependence of the alpha peak height has been observed by 
Chambers et al In niobium irradiation with deuterons of about
■Fig ' 6 •
loo %co
Temperature K
'Alpha peaks in BCC metals.( 9 7 ).
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13 mev is found to reduce the alpha peak height
The initial defect structure of a specimen is difficult to 
characterise, as is the actual impurity level of a very pure specimen; 
this mdses investigation of the effects of defect structure and impurity 
content difficult. Some work has been carried out using the 
resistivity ratio where
Y = R 290 /
where R is the resistivity (subscript is temperature in deg. K).
This ratio has been investigated by Seraphim et al in specimens
of varying purity. Chambers and Schultz state that over a range
of impurity concentrations the alpha peak height is sensibly constant.
In a later paper they show that in zone refined molybdenum and tantalum 
the peak is very much lower for a given prestrain than that predicted 
from the data for less pure specimens
The kinetics of the alpha peak has been investigated extensively 
and a composite Arhenius plot of the results of several authors is shown 
in Figure 6.2.2. This plot is for the centre of the peak complex and 
the behaviour of any individual components is ignored. Thus in the 
Arhenius equation
t = tq exp ( /kT)
E is 0.25 + 0.002 ev and In tq * = 12 +_ 0.5 i.e. Fq ^ 10^ 
Insufficient measurements at varying impurity content and over a wide 
frequency range exist to determine any effect of impurity concentration 
on activation energy.
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The alpha peak is broader than the standard linear solid model 
corresponding to the parameters given in the Arhenius plot of Figure 
6.2.2. In the case of niobium the half height ratio is about 2.5 
for the alpha peak.
In any published investigations due to the insufficient 
temperature resolution of the data points, it is not possible to tell 
whether the peak is a broad relaxation or has a complex structure.
Stanley and Szkopiak have investigated the alpha peak in
irradiated and cold worked niobium. In irradiated previously
annealed specimens the alpha peak appears immediately after irradiation
and is smaller. In the case of prestrained specimens irradiation causes
(25)a decrease in peak height. In cold worked material the alpha peak
is found to increase with strain and the peak temperature to decrease 
■with strain, as was found by Chambers and Schultz. An activation energy 
value of about 0.5 ev was found.
Measurements in the 10 M Hz range on niobium and molybdenum
(25)single crystals have been carried out by Polotski et al v ' who found 
a value of 0.5 ev for the activation energy of the alpha peak in niobium. 
Mazzolai and Nuovo have examined the alpha relaxation in niobium
and tantalum at frequencies from 20 - 100 K Hz. They report that a 
new relaxation peak, the delta peak, is observed at about 27 K in both 
tantalum and niobium after cold work. In material which had been 
extensively outgassed to remove hydrogen only, this delta relaxation 
peak could be introduced by subsequent cold work. Re-introduction of 
hydrogen by electrolytic charging causes the occurrence of both
the alpha and Snoek relaxation. In an unstrained specimen hydrogen 
causes only the Snoek effect (Figure 6.2.5). With increasing hydrogen 
concentration the alpha peak height increases while the delta peak height
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decreases and the alpha peak is shifted towards lower and the delta
peak towards higher temperatures.
(57)Amateau et al have investigated the alpha peak in single
crystals of niobium and niobium molybdenum alloys of high purity and
they report differences between the rates of growth of the alpha peak
with prestrain depending on the crystal orientation. In an outgassed
crystal an alpha peak of maximum height is observed contradicting the
statement of Mazzolai and Uuovo that hydrogen is required for
peak formation. A possible explanation lies in the high degree of
strain employed by Amateau (l0$) against that employed by Mazzolai
(l.7$)• Mazzolai was also using polycrystaline specimens whereas
Amateau*s results are for single crystals of specific orientation. As
the deformation temperature was lowered a decrease in the alpha peak
(57)height was noted. Alloying additions were observed to shift the
maximum of the alpha peak by up to 20 K. Mo effect was observed on 
the activation energy but the peak height was reduced by a factor of 
ten from that to be expected in unalloyed niobium for the same strain.
(22)Escaig describes experiments on molybdenum and
niobium single crystals (of quoted purity). The damping was measured 
at frequencies of about 10 E Hz. In molybdenum two sets of relaxation 
peaks were observed, one at 128 K and the other between 350 K and 570 K. 
They are produced by strains well below the elastic limit, and a definite 
but small stress is required for their initial production. A sharp jump 
in peak intensity was found at strains around the yield point. An 
activation energy of around 0.2 ev was found for the alpha peak.
116.
6.2.2 The Beta Peak
Experimental data on the beta peak is less frequent than that 
on the alpha peak and is often a by-product of work on the alpha peak. 
The first report of a relaxation at slightly higher temperatures than
(24)the alpha peak was by de Baptist at 2.6 Hz in molybdenum strained
3$ and annealed at 400 K. The result is shown in Figure 6.2.5.
Chambers and Schultz had observed a similar peak in
molybdenum at 15 K Hz and 510 K which showed a definite structure.
After a 300 deg C anneal the peak was, however, a factor of 10 lower
in amplitude than that reported by de Baptist.
Stanley and Szkopiak have examined the beta peak spectrum
in neutron irradiated f cold worked and quenched niobium
of commercial purity. In neutron irradiated niobium a beta peak was
observed in the specimen immediately after irradiation, which increased
in height on annealing and then decreased with increasing annealing
(27)temperature. Stanley and Szkopiak 7 identify five peaks in the beta
spectrum. Figure 6.2.6. The measurement techniques used, however, were
hardly precise enough to support such a fine division of the data. The
beta peak height showed a general increase with irradiation dose up to 
ISabout 3 x 10 nvt, after which the peak value of the damping appears to 
remain constant with further increase in dose. On annealing, the peak 
height rose up to 200 deg. C and then fell off, becoming zero at around 
400 deg. C.
(25)In cold worked specimens, Stanley and Szkopiak N ' found that 
an anneal at 70 deg. C was required in order to produce the beta peak.
In the complex peak they identify three component peaks. They have 
found an approximate activation energy frequency shift measurement of
0.6 ev. On annealing the beta peak height increases up to about 100 deg.
then remains constant up to 240 deg. C, after which it falls off becoming
zero at 340 deg. C. Figure 6.2.7. Restraining of the specimen decreases
the peak height, which is restored by a subsequent anneal. In niobium
wires quenched from 2350 deg. C to room temperature, Stanley and Szkopiak
report a series of peaks between 120 K and 200 K which disappear after
(27)20 hours at room temperature . On annealing they report erratic
behaviour of the beta peak. Figures 6.2.9 and 6.2.10.
(24)De Baptist ' has described experiments on commercial niobium 
in which beta peaks were observed at about 165 K at 0.5 Hz. In the 
earlier paper more details of the experimental method are given. Certain 
features of this work are puzzling and insufficient experimental details 
are given to determine the possibility of experimental error.
Damping measurements were made by a spot follower method 
(see section 3.4 for comments). A temperature gradient of two or three 
degrees K is stated in the paper. The effects of this on the measurement 
are not insignificant
Temperature measurements were made with a copper constantan 
thermocouple. This type of couple exhibits a reversal of the e.m.f. 
polarity in the region of 220 K, thus in the region of interest the 
sensitivity (change in e.m.f. per deg. K) is almost zero (exactly zero 
at the change over point). This makes reliable measurements difficult; 
the couple also tends to be unstable with temperature cycling, (a 
similar objection applies to the work of Stanley and Szkopiak)
In this earlier work the beta relaxation is said to lie between 
200 K and 250 K (at 0.5 Hz). In the Arhenius plot of Figure 8.2.3* the 
point corresponding to the beta relaxations described by De Baptist 
does not lie on or near the main line.
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In niobium De Baptist reports supression of the beta peak
complex by straining at 78 K and supression of the 170 K peak by an
anneal at 200 deg. C. De Baptist's specimens were (Personal communication)
first investigated in an as received state presumably swaged or drawn
and partially annealed. In such a cgse one would expect a different
dislocation substructure and population of dislocation types than after
a ifo strain on a well annealed specimen. Subsequent straining in De
Baptist's work was by torsion; again this may have produced a rather
different dislocation structure.
(57)
Amateau e t al in an examination of niobium single crystals
observed the beta peak at 2 Hz (high frequency observations were precluded 
by the rate of annealing at the peak temperature). The specimens were 
wires cold swaged to 90^ reduction in area, the purity of the specimens
after this, treatment was not stated. Figure 6.2.8.
D/Carlo has investigated the internal friction of tungsten
after small deformations using frequencies between 500 Hz and 10 K Hz. (64)
He finds peaks similar to those observed after deformation in niobium
( <cl)at similar frequencies by Lupine w  1 . These peaks show, however, 
extremely high values of activation energy and attempt frequency.
They are probably not beta peaks, but may represent some frequency 
independent process such as a phase transformation. Ammano et al 
have observed a peak corresponding to the beta peak temperature at 
about 1 Hz in niobium containing 30 At?/o hydrogen.
The investigations of Stanley and De Baptist mentioned above 
both present the problem of a crude experimental technique applied to 
a phenomenon of unrealised complexity. While this is often the case 
in a preliminary investigation it is obvious that the techniques of 
temperature (including gradient effects) and damping measurement were
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predictably of insufficient accuracy to produce quantitatively reliable 
measurements at the damping levels encountered. For this reason neither 
worker could come to a firm conclusion as to the nature of the relaxa­
tion.
6.3 Phenomenological Explanations of the Low Temperature Peak
Mechanisms
Many explanations of the various mechanisms producing the 
low temperature peaks are based on the behaviour of the peak under 
various treatments. In some cases the results of a treatment, such 
as straining, may not be clear cut and it becomes difficult to connect, 
even empirically, the behaviour of the peak with the predicted results 
of the treatment. However, in many cases useful pointers are provided 
by such empirical relationships.
6.3*1 The Alnha Peak
This relaxation peak is the most closely studied of all the
(22)low temperature relaxation peaks in b.c.c metals. Chambers has
considered the possibility-of a Snoeck type mechanism being responsible 
for the alpha peak. For a point defect mechanism to give rise to the 
alpha peak the mean reorientation time must be very much smaller than 
the diffusion time. If this were not the case, the peaks would be 
unstable at temperatures just above the peak temperature, unless the 
defects were in equilibrium concentration at these temperatures or 
their annihilation rate was not diffusion controlled. If the defects 
were not in equilibrium the peaks would appear spontaneously. Since 
the activation energy for annealing is 1 ev and the activation
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energy of the relaxation process causing the alpha peak is 0,3 ev,
the difference between the reorientation and diffusion energies of
the defect would have to be about 0.7 ev. This argument, in the view 
(22)of Chambers, discounts point defect mechanisms causing the alpha
peak* Chambers postulates that dislocations play some role in the
(22)alpha peak mechanism . The damping then becomes due to the vibration
of loops controlled either by the rate of generation of kinks or the
presence of an atmosphere of defects surrounding the loop. The
confirmed observation of amplitude dependent damping also supports
the hypothesis that the damping is associated with dislocations* The
discussion of early work on the mechanism of the alpha peak given by 
(2l)Chambers 7 has been somewhat superseded by later work. Mazzolai
and Nuovo showed that the alpha peak spectrum in niobium requires
the presence of hydrogen (section £.^ .1), an observation not allowed
for by Chambers. This precludes any theory that the alpha peak is
due to a purely dislocation mechanism. Mazzolai and Nuovo also identify
the hydrogen Snoeck peak at a temperature slightly below that of the
(99)alpha peak. Mazzolai suggests that a Schoek model is appropriate
to explain the behaviour of the alpha peak. The Schoek model predicts 
that the relaxation time of the mechanism is proportional to
Cd I 2 / D 
o
and the logarithmic decrement to
A 1 2 o
where C is the atomic fraction of hydrogen per .unit length of the
L
dislocation line, A the dislocation density and^the loop length.
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If A and remain constant while ageing takes place the relation
f 1 T^ exp (w/k T ) as const
may be shown to hold. Mazzolai and Huovo show that this relation
holds for their results. The only result unaccounted for is the 
increase in damping with increasing hydrogen concentration; this could, 
however, be due to a distribution of hydrogen over more of the dislocation
network with increasing concentration.
(22)Escaig has suggested that in the light of strong experi­
mental evidence for a marked difference in mobility between the edge 
and screw dislocations in b.c.c metals, their relaxation behaviour may 
also be different. Thus the beta peaks would be due to a mechanism 
involving screw dislocations and the alpha peak due to edge dislocations. 
(It has been established that edge dislocations are relatively mobile 
under low stresses, whereas screw dislocations are relatively immobile, 
being frozen into sessile <111> segments several microns long). This 
duality of relaxation behaviour, he suggests, is a necessary consequence 
of introducing the kink model for the Borodoni peak into b.c.c structures. 
Escaig claims qualitative agreement between experimental results and 
the above theory.
Seeger and Sestak have considered Escaig*s theory in the 
light of micro deformation experiments Seeger predicts that
double kink formation on b.c.c screw dislocations should resemble the 
corresponding process in f.c.c metals and give rise to a similar
relaxation effect at correspondingly higher temperatures than those of
atiom
(111)
the f.c.c relaxations Kink movement along screw disloc ns
should give rise to a relaxation at rather lower temperatures 
71 degree dislocations (i.e. those lying along <111> directions on
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the llo - planes) should also give rise to a Borodoni type relaxation.
showed that the micro-strain behaviour
In b.c. c metals could be correlated with the alpha and gamma peaks 
but not with the beta peaks. Seeger identifies the gamma peaks with 
double kinks on <111> screw dislocations, Seeger also suggests 
that the beta peak may be a hydrogen dislocation interaction, on the
formation of the beta peak, Seeger proposes that the edge dislocation 
Borodoni peak in b.e,c metals is in fact the delta peak, which occurs 
around 30 K in niobium. It is apparent from these two attempts to 
find specific dislocation mechanisms for some low temperature peaks in 
b.c.c metals, that no clear understanding of the mechanisms of dislocation 
kink motion or dislocation point defect interaction exists. Neither 
explanation is entirely successful in providing a mechanism for even 
one of the relaxation peaks considered.
6.3.2 The Beta Peak
This relaxation peak is somewhat elusive and has been little
studied. On a linear Arhenius plot there is said to be correspondence
(24) (25)between the low frequency beta peak and the beta peak occuring
(21)at higher frequencies . There is, however, an apparent absence of
(2l)peak structure in the beta peak observed at high frequencies •
point defect complex mechanism being responsible for the beta peak. 
They eliminate dislocation mechanisms on the grounds that dislocations 
already account for the alpha relaxation peak. In the light of later 
theories based on the different Peirls energies of dislocations in the
grounds that Wert (104) has shown that hydrogen is required for the
( (07\
Stanley and Szkopiak v discuss the possibility of a
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b.c.c lattice especially the high energies of <111> dislocations
(22), compared with other dislocation types, this argument is no longer 
entirely acceptable. They further discount the Borodoni mechanism on 
the grounds that it cannot explain the absence of the beta peak immediately 
after deformation and that the peak height appears to be independent of 
strain (see section 6.l). A Hasiguti type mechanism for the beta peak 
is also discounted on the following grounds
(i) the beta peaks are independent of strain
(ii) the growth and decay of observed Hasiguti relaxations occur
at the same temperature, unlike that of the beta peak.
This latter argument is, however, more dependent on the properties of 
defects in the material than on the peak mechanism involved. The same 
argument can be applied to the effects of strain at differing temperatures. 
The point defect complex mechanism cited by Stanley and Szkopiak may be 
examined by the general theories of point defect relaxation, (see section 
8.5) Stanley and Szkopiak suggest that vacancy clusters are
responsible for the beta relaxation. The exact nature of the defect is 
not discussed in their papers. The simplest combination would be a 
divacancy or di-interstitial . This could occur as a split monovacancy 
or a combination of two defects.
(27)Stanley and Szkopiak state that the increased height of
the beta peak in quenched material indicates a point defect mechanism.
This argument does, however, depend on the results of quenching being 
solely to establish a high point defect concentration. Since quenching 
from near the melting point to room temperature involves a high degree 
of strain in the material, the production of dislocations on quenching 
cannot be entirely excluded
CHAPTER 7 EXPERIMENTAL PROCEDURE
7.1 Specimens
Specimens of niobium of 1 m.m. diameter and 6 c.m. length, 
were cut from swaged and vacuum annealed (2000 deg. C) wire. The 
available niobium was of either commercial purity or electron beam 
refined. Most of the present work was carried out on specimens of 
the commercial purity material.
Tensile strain was introduced into the annealed niobium specimens 
using an Instron testing machine; the strains used were about 1fo applied 
at a rate of 10~^ s”’*'.
Annealing subsequent to straining was carried out in a 
vigourously stirred oil bath of 1 litre volume capable of operating 
between 20 and 300 deg. C. Above 200 deg. C some local boiling of the 
silicone oil occurred but this was tolerable if the bath was used in 
a fume chamber.
Specimens were mounted in the apparatus as described in 
section 5.9.4. Experiments were carried out on specimens of both 
electron beam refined and commercial purity material. Analysis of 
the specimens after high temperature annealing were as shown in Table 
7.1. After annealing the specimens exhibited a bamboo structure 
with a grain size of around 1 m.m.
Experiments were first carried out in electron beam refined 
material in order to produce a beta relaxation. When experiments 
failed to produce the beta relaxation the procedures were repeated on 
a batch of commercial niobium in which the beta peak had previously 
been observed.
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The relaxation spectra of specimens of both commercial and 
electron beam refined niobium were examined in the strained, fully 
annealed and partially annealed states. Because of the large number 
of runs involved, full annealing curves were only measured on two 
specimens. These results were complemented by frequency shift measure­
ments on one other specimen of the commercial material.
7*2 Annealed Pure and Commercial Niobium
The relaxation spectrum of high temperature annealed specimens 
of pure and commercial niobium was examined from about 80 K up to room 
temperature. A very low damping was obtained in both cases, showing 
no relaxation peaks. The internal friction spectra for both specimens 
are given in Figure 7.2.1, which show that within experimental error 
there is no difference between the two spectra.
7.3 Pure and Commercial Niobium after Straining
The same specimens of both grades of niobium were strained 
lfc in tension and their internal friction spectra measured. Both 
specimens show a higher damping level as compared with the annealed 
condition, (Figure 7.2.1) with the damping for the pure material 
being slightly lower*
The undulations in the curve are either due to disturbance 
of the apparatus or may possibly be a real experimental effect revealed 
by the better resolution of the damping curve. Results for both 
materials are shown in Figure 7. The maximum amplitude of the
relaxation curve in the annealed specimen is about half that in the 
commercial material.
TABLE 7.1
ANALYSIS OF SPECIMENS
(a) Commercial Material
at PPM
Oxygen 260
Nitrogen 200
Carbon < 150
Hydrogen ^150
Tantalum 510
Titanium 5400
Zirconium 3000
Iron 570
Silicon 910
(b) Electron Beam Refined Material
U » t PPM
Oxygen 200 - 400
Nitrogen 1 0- 5 0
Carbon <10
Hydrogen < 1  (10 At ppm)
Tantalum 1000 ( 5 0  At ppm)
Titanium <L100 (20 At ppm)
Tungsten 950
Iron 10
Silicon 150
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7.4 Strained Pure and Commercial Niobium after Annealing
' ' \
The strained specimens of pure and commercial niobium were 
annealed for two hours at 150 deg. C in a silicone oil bath. The
relaxation spectrum of the pure material exhibited no effect other
than a lowering of the general damping level. The commercial specimen
-4however, exhibited a pronounced peak of maximum amplitude 8.5 x 10 
at around 200 K* The same effect was noted when other specimens of 
pure and commercial niobium were treated in the above fashion, thus 
this difference seems to be an intrinsic effect of the commercial 
material. The peak corresponds to the beta peak described by previous 
workers both in the temperature range of its
occurrence and the order of magnitude. The corresponding relaxation 
spectra are shown in Figure 7.£. ?*
7.5 The Beta Peak in Commercial Niobium
7.5*1 Annealing
After the failure to produce a beta peak in pure niobium the 
work was confined to the commercial material. It was proposed to 
investigate the effect of annealing on the beta peak in strained niobium, 
starting with a specimen in strained condition and annealing it at 
progressively higher temperatures each time observing the growth or 
decay of the beta peak Using a hyperbolic distribution of the annealing 
temperatures consisting of eight different temperatures up to
about 220 deg. C. For this reason tests could, in the time available, 
only be carried out on two specimens.
The specimens were strained 1$ in tension at a rate of 10”^
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set They were then annealed for two hours at a series of eight
temperatures. The relaxation spectrum was measured after straining 
and after each annealing treatment. It is indicative of the difficulty 
of producing identical strain conditions in polycrystaline specimens 
that the immediate post strain damping levels in these specimens are 
different.
The peak heights above background obtained for each specimen 
after annealing are shown in Tables 7*5.1 and 7.5.2. The sharp rise 
and subsequent drop in damping were confirmed by immediately repeating 
the mm. Figure 7.5.1 shows a graphical representation of the annealing 
process.
The behaviour of the peak on annealing does not seem to
represent a simple process. The sharp rise and fall in peak height
eA (25)has bej( described previously . Such sharp changes preclude a
kinetic analysis of the present data as insufficient points were included
in the annealing program which initially was designed for monotonic
data.
After the first anneal at 65°C a general drop in background 
of about ten times was observed in both specimens. A small peak was 
observed at 198°£ having a height of 3 x 10*”^  for specimen (a) and 
9 x 10”*^  for specimen (b). In both specimens the peak was smooth and 
showed no apparent fine structure*
With a further anneal at 87°C both specimens showed a pro-
-3 / \ -3nounced peak of height, 3.5 x 10 in specimen (a; and 1.2 x 10
for specimen (b). The peak (Figure7.S72) again appears smooth and shows
no obvious fine structure.
A subsequent anneal at 102 deg. C produced a fall in peak 
height in specimen (a) to 7.6 x 10*"^  and an increase in damping in
Table 7.5.1
Specimen Number 1 Commercial Niobium
Annealing Temperature (c) Peak Temperature (k) Vrjn *  103 Logarithmic Decrement x
65 200 5.0 0.32
87 202 1.975 3.52
102 198 5.02 0.7 6
122 198 5.02 0.22
143 205 4.9 0.96
168-3 205 4.9 2.0
185 205 4.9 1.94
225 202 4.975 1.54
As annealed 0.60
As strained 5.6
Table 7 . 5 . 2
Specimen Number 2 Commercial Niobium
Annealing Temperature (c) Peak Temperature (k) V T *  103 Logarithmic Decrement x
65 198 5.02 0.9
87 202 4.975 1.2
102 200 5.0 1.25
122 200 5.0 0.24
143 200 5.0 2.56
168 200 5.0 1.16
185 200 5.0 1.18
As annealed 0.6
As strained 4.1
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specimen (b) to 1.25 x 10~^. On annealing at 122 deg. C both peaks 
-4fell to 2.2 x 10 with an accompanying fall in background to about 
-42 x 10 . On further annealing at 143 deg. C the peaks were observed
7  7
to increase to a value of 1 x 10~ in (a) and 2.6 x 10~ in (b). Again 
no pronounced fine structure was shown. The form of the peak is 
observed, however, to change on annealing, and the presence of more 
than one component can not be ruled out (See Figure 7.5.2). On annealing
7
at 168 deg. C (a) showed a height of 2.0 x 10 and (b) a height of
-3
1.2 x 10 . On further annealing at higher temperatures the peak decays 
in both specimens. Above 260 deg. C, surface discolouration became 
apparent indicating possible oxidation. At these temperatures, boiling 
of the silicone fluid was also apparent, and the series of anneals was 
discontinued.
The annealing curves (Figure 7.5.1) of the specimens although 
differing in detail in the region around 87 C are seen to be broadly 
similar especially above 120 C.
Due to the non mono tonic nature of the annealing curve a 
detailed analysis in kinetic terms could not be carried out. Owing 
to the very rapid rise of the peaks it is doubtful whether even with 
sufficient data such an analysis is valid. Figure 7.5.2 shows some 
typical relaxation curves in the temperature region of the beta peak.
7.5.2 Frequency Shift Data
In order to determine the activation energy of the relaxation 
process causing the beta peak, the frequency shift method was employed.
A strong beta peak was obtained by straining the specimen to ]$> and 
annealing at 80 C. The beta peak was then observed at various frequencies
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over the range from 0.95 to 2.85 Hz. The data obtainedara- shown in 
Table 10.3#3* The high frequency peak (2.85 Hz) is anomalous in that 
its peak temperature is lower than the 1 Hz peak. A possible reason 
for this is indicated in Section 8 . The results are plotted in 
Figures 8.6.3 and 8.6.4.
7.6 Discussion
For the purpose of the present discussion the annealing
behaviour may be split into two regions in which maxima occur; the
first from 70 to 140 C and the second from 140 up to 250 C; these
two peaks correspond to slightly different relaxation peak temperatures.
The published results of Stanley and Szkopiak s]10w a
possible indication of a similar two part process which they, however,
ignore in their discussion. In the cold worked material discussed 
(25)in this separation is not well marked, all the values being
-4contained within a scatter band of 4 x 10 . At this level it is,
with the measurement method used, impossible to differentiate between
experimental error and actual experimental effects. (See Section 3.4)
(27)
In quenched material the effect is more plainly marked.
Except for a displacement of the maximum of the annealing 
characteristic by approximately 40 deg. C higher in Stanley’s work, the 
results bear some similarity to those of the present work, although 
they were not interpreted in the same fashion in the published papers 
and are not viable for more detailed interpretation because of the 
lack of precision in the measurement. The difference in the maxima of 
the annealing curve may be due to the much higher prestrain (circa 5$) 
used by Stanley.
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TABLE 7.5.5 
Frequency Shift Lata
Frequency Peak Temperature (k) V Tp - io5 0) In w
0.952 . 197 5.047 5.97 1.79
1.000 196 5.097 6.27 1.84
1.112 197 5.047 7.0 1.95
1.66 202 4.94 14.2 2.65
2.857 195 5.126 17.9 2.88
1.450 202 4.94 . 8.97 2.2
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The results of the present Investigation are, however, in
(2 5 )
qualitative agreement with those of Stanley and Szkopiak in the
approximate region of occurrence of the beta peak, its amplitude and 
the conditions required for its formation. The more sophisticated 
measuring techniques of the present investigation tend to indicate 
a lack of reproducibility in the beta peak itself in overall shape and 
relaxation strength. This was not obvious from the experimental work 
of Stanley and Szkopiak as the measurements were taken at the limit of 
resolution of the apparatus, at which point it is not possible to 
differentiate between measuring error and variations in experimental 
data.
CHAPTER 8 DISCUSSION
8.1 Introduction
The beta relaxation in bcc metals is still the subject of 
controversy, neither the nature of the mechanism nor the properties of 
the peak have been clearly defined. Very • experimental data exist'
on the phenomenon and the available data ^ 4, complicated by the possibility 
that several different relaxations have been included under the term beta 
peak in earlier work.
In general at least three separate groups of data points may 
be observed. This is shown clearly on an Arhenius plot of all the avail­
able "beta peak" data (up to April 1976) for niobium (Figure 8.2.2).
On such a plot the data points in several separate frequency ranges are 
found to give straight linesi with good fit while a line through all the 
data gives a very poor fit.
The unsuspected existence of these separate relaxations has
e
caused erroneous values to be claimed for both pr^xponential factors 
and activation energies, such values have subsequently resulted in 
inappropriate mechanisms being considered for the beta relaxation.
The relaxation mechanism for the beta peak is not clear.
Even if possibly different relaxations are separated many factors,
e
especially the values of pr^xponentials, are difficult to explain. The 
data presented in Chapter 7, concerns only the subsonic relaxation.
For the purpose of discussion the date on the audio and high frequency 
beta peak will be taken from other published work. There is, however, 
considerable lack of agreement between various authors on the basic data.
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This may indicate a mechanism sensitive to impurity levels and specimen 
treatment.
8.2 The Beta Peak Spectrum
The relaxation spectrum observed in the beta peak region at 
low frequencies is complicated by various broad components of low level 
appearing in the beta peak region. Some indication of the sources of 
these components may be obtained by translating the spectrum obtained by 
Wert at 13 K Hz .^0 using available activation energy data; the
spectra are shown in Figure 8.2.1. It is seen that some of the components 
fall into the general beta peak region at 1 Hz. It is obvious that the 
low and high frequency beta peaks do not correspond unless an activation 
energy of approximately 2 eV is used.
(59)More recent data by Lupine at low audio frequencies
gives a set of peaks (termed beta peaks) which show no apparent frequency 
shift on an Arhenius plot. These give a vertical line indicating infinite 
activation energy and attempt frequency. Audio frequency measurements
(64)by Di Carlo in tungsten have indicated a similar effect. In
niobium, Lupine's data points lie well outside the previously reported 
beta peak region which would seem to indicate another phenomenon of 
different origin. A peak has been observed by Amano et al in
niobium 30 At$ hydrogen which corresponds with the beta peak in temper­
ature range and frequency.
Unfortunately no data is available giving damping measurements 
on the same specimen over a wide frequency range (from subsonic frequencies 
to kilohertz) or even on specimens from the same material over a wide 
frequency range.
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There are certain data points which lie outside all three 
regions on the Arhenius plot. The origin of these relaxations is a 
matter for surmise only. They may originate in faulty experimental 
technique or in specimens with very high impurity contents. In the 
case of De Baptist for instance the peak was observed in an as
received specimen with an unknown previous history. If best fit lines 
through the data are calculated the position becomes clearer. A 
regression line through all points is shorn as a dotted line (b) in 
Figure 8.2.2. The line has a large standard error, and is obviously 
outside the possible experimental error band of the data points. Thus 
the assertion that all the points correspond to the same linear Arhenius 
process appears untenable.
If a line is fitted through the high frequency data (including
a point at 16 Hz (*^ 7)^  a line (a) with a slope of 0.6 ev and an attempt 
14frequency of 10 Hz is obtained. This line has moderate standard error.
A line fitted through all the low frequency data, on the other hand, 
gives a poor result with a positive slope. If two outlying data points 
are eliminated a line (c), with a negative slope and moderate standard 
error is obtained. This line has a slope of 40 mev and the attempt 
frequency is 3*5 Hz. A best fit line through the frequency shift data 
of the present work gives a slope of 20 mev and an attempt frequency of
1.4 Hz. It should be stated that the scatter around the above lines is 
still quite high but for many points it is within the limits of experi­
mental error especially if it is conceded that some deviant points 
may not necessarily represent beta relaxations. This applies especially 
to data such as that of LupinC (line d) which i t t i f i some distance
from the other observations, and was *>&cU>ctae{from the best fit line.
Thus the Arhenius plot of all current "beta peak" results
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can not be fitted well by a single straight line. A better fit is 
obtained using a line through the high frequency data and a separate 
line through the low frequency data. The line through the low frequency 
data has approximately the same parameters as a line through the frequency 
shift data obtained in the present work.
This requirement for separate lines through the two data 
groups on the Arhenius plot indicates that either the relaxations observed 
at high frequencies and subsonic frequencies are due to different mechan­
isms, or to a mechanism with a frequency response which exhibits a 
sharp change at around 3 Hz. The first explanation is the most likely 
if only because of the lack of a mechanism for the sharp change in slope
required if all the data points represent the same mechanism.
(59)The low audio range peaks observed by Lupine cannot 
be classed as beta peaks because of their position on the Arhenius plot.
In Figure 8.2.2 a line (d), through these peaks also passes close to 
the exjtectoid transformation peak described by Wert ^he peak
temperatures are in the region 80 - 100°C and it is thus possible that 
these are eutectoid transformation peaks rather than beta peaks. If 
they are phase transformation peaks, the attempt to ascribe activation 
parameters to them made by Di Carlo is erroneous since the transformation 
should be frequency independent. This is implied in the near infinite
*7A
values ( ^ 10 ) quoted by Di Carlo for the attempt frequency.
Thus strict examination is required of data which is asserted 
to represent the beta peak. Further a reclassification of all the known 
relaxations in niobium is needed to prevent problems similar to the 
above.
8.3 Comparison of the Present Work with Other Observations of
the Beta Peak
This comparison will be restricted to observations of the 
beta peak at subsonic frequencies as the connection of this relaxation 
with other phenomena at high frequencies is in some doubt.
General results of the observations of Stanley (27)
(24)
and De Baptist^ have been described in Chapter 7. Stanley and
Szkopiak reported the occurrence of a beta peak after annealing lightly 
cold worked niobium for two hours at 70C, but not after anneals of 
similar duration at lower temperatures. This result is similar to that 
of the present work (see Section 7*5), and in both cases the niobium 
used was of commercial purity. In the present work, a similar treatment 
applied to electron beam refined niobium failed to produce a beta 
relaxation, which indicates that an impurity is necessary for the 
production of the beta relaxation. In the work of Stanley and Szkopiak 
the shapes of the peak envelopes and parameter values are thought not 
to be reliable for quantitative interpretation due to the measurement 
technique employed and the unstable nature of the relaxing species. For 
the same reason the annealing behaviour of the peak is not reliably 
indicated except in outline.
Stanley and Szkopiak also described the occurrence of a 
beta peak in specimens of niobium quenched from approximately 2003 
From this they concluded that vacancy clusters must play a significant 
role in the mechanism. Quenching from a high temperature is known to 
produce a significant concentration of vacancies but it should be 
appreciated that a violent quench can also induce an amount of cold work
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in the specimen. The detailed effect of a quench in a specimen may be 
visualised as follows; a temperature boundary (cold to hot) is established 
and moves radially into the specimenuat a rate determined by the thermal 
conductivity and the heat transfer rate across the solid to liquid (or 
gas) boundary. The cooled layer contracts about the still hot centre 
resulting in the production of tensile stresses in this layer, the 
magnitude of which will increase with the increasing violence of the 
quench.
(l20)Takamura described permanent length changes in wires
caused by fast quenching. Kimura et al discuss changes in dis­
location structure observed after fast quenching. In the case of a 
quench into water or saline solution the absorption of impurities is 
also a real possibility, Stanley and Szkopiak quenched their specimens 
using helium gas. In this case the only other sources of impurity 
pickup would have been system leaks and the cracking of diffusion pump 
oil vapour. (Although the level of this was reduced by a cold trap).
The conclusion that the effects of quenching a specimen are 
unequivocally due to vacancies produced by the quench is therefore 
questionable. Cold work followed by annealing gives rise to a beta 
peak complex and in the quench situation, it does not appear easy to 
differentiate between the possibility of the peak being due to this or 
vacancies produced by the quench.
Because of the induced cold work and altered dislocation 
substructure, interpretation of results in quenched niobium specimens 
such as those described by Stanley and Szkopiak becomes difficult, in 
that it is not possible to differentiate between the effects of quenched-in 
vacancies and the effects of induced cold wor£ or changes in dislocation 
substructure, both of which play an important part in possible models
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for the beta relaxation.
The increase in height of the beta peak with increasing 
total neutron dose reported by Stanley and Szkopiak may be
accounted for by a change inldislocation density caused by irradiation 
and the production of extra pinning points by irradiation. Again it is 
not possible to separate-the various effects of irradiation on the 
postulated model.
The requirement of prestrain found by this work and Stanley 
and Szkopiak, and the independence of the amount of prestrain described 
by Stanley and Szkopiak, indicate that a certain initial dislocation 
structure is required and that this initial structure is produced by 
very small strains below the levels used by Stanley and Szkopiak.
It would seem that in many investigations of the beta and 
other peaks, treatments are applied whose results, while known in a 
broad empirical sense, are not understood in sufficient detail to examine 
complicated relaxation mechanisms. If unambiguous production of a 
sufficient concentration of single species of defect cannot be assumed, 
the experimental effects are indeterminate. Further the properties 
involved in the mechanism under investigation may be locally orientation 
dependent, or dependent on local anisotropy. In this case many macro 
scale treatments may have catastrophic results on this local regime, 
that is, there may well be an alteration in a relaxation peak property 
if vacancies or interstitials are introduced by quenching or irradiation. 
It is not, however, always clear whether this is due to the induced 
species or to a change in some other component of the specimen produced 
by the treatment.
8.4 Point Defect Models for the Beta Peak
A point defect cluster model for the beta peak has been
postulated by Stanley and Szkopiak . If this model is examined
using the theory of Nowick and Heller ^  ^  possible to show
that a mechanism based purely on the relaxation of clusters of point
defects should not produce a measureable internal friction peak with
normal concentrations of defects. More of the configurations that have
been specified will produce the damping effect required. A point that
has been previously overlooked is that with increasing compact cluster
size symmetry relative to the lattice also increases, for a minimum
energy configuration. This implies that compact clusters greater than
four are unlikely to give rise to any significant relaxation.
The split monovacancy has three possible symmetry configurations
Trigonal <111> tetragonal <100 > and orthorjiombie <110 > or
<110 >. The numbers of relaxation times associated with each defect 
(7)configuration are one, two, and two, respectively; thus, the latter
two possibilities could only account for a two component configuration
peak at the most. A dumbell configuration of two separate interstitials
(6)or vacancies would show monolinic symmetry in the sense of SectioniT.l,
(7)giving rise to a three component relaxation . Any larger cluster of 
defects would possess a high symmetry and thus only give a one component 
relaxation or none at all (cubic symmetry). A combination of an inter­
stitial atom and a vacancy would have triclinic symmetry but still only 
give rise to a three component relaxation. Such a combination is, 
however, for light interstitials highly unbalanced and unlikely to undergo 
relaxation. The above predictions would indicate that if a beta relaxation
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consists of more than three components, part of it must he due to some
other process taking place in the same temperature range.
It is interesting to consider the application of Nowick’s
theory of relaxation to a hypothetical point defect peak.
The relaxation strength, a f due to concentration of defects
(6)Cq, with an anisotropy value SA may he approximately expressed as
C V (6X)2 o oA 'v ---------
Jk (T - T )N c '
where Vq is the atomic volume J the appropriate compliance, T the
temperature and T a critical temperature helow which all defects are
-4in one orientation. For a concentration of 10 and a relaxation
strength of 10*"^  (which for most experimental work is harely measureahle)
-*6(the corresponding logarithmic decrement is ^ 5 x 10 ) and T — T = 1000 Kc
a <5 A value of 0.1 is required (l0$ shape factor).
If in the case of a low temperature peak T - Tq = 100 K, 
the corresponding 6A value would he 0.05. An approximate value for 
the relaxation strength of the heta peak in molybdenum may he found from
(24) -2
the work of De Baptist . It is ahout 4 x 10 • This would require
—2a concentration of about 4 x 10*" for the above 3$ shape factor, which 
is unlikely since every 25th site would be a defect. For a shape factor 
of 10$ the concentration would have to he 4 x 10~ . Thus in the case of 
molybdenum it is difficult to account for the observed relaxation strength 
with reasonable values of concentration and shape factor. This makes a 
pure point defect mechanism -unlikely in the case of the beta peak, and 
indicates that defect cluster mechanisms would occur at temperatures
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substantially lower than the 200K of the beta peak
8.5 Phenomenology of Possible Beta Relaxation Mechanisms
The beta relaxation has been previously considered as a
(21) (25)single mechanism at both low and high frequencies , From
this assumption the relaxation parameters of E ^ 0.5 ev and f ^ 10"
may be deduced. It has been proposed by DiCarlo that a pseudo
(59)peak observed by Lupine represents the high temperature beta peak, 
and that the original data of Chambers and Schutz is in error. Exam­
ination of Lupine's paper indicates that this is an unwarrented assumption 
since no inescapable connection between Lupine’s data at ^ 0,5 to 1 K Hz 
and Chambers and Schutz data at ^ 10 K Hz is indicated. Lupine:s 
results are plotted in Figure 8.2.2 where they form a group of points 
remote from the general trend of the high temperature beta peak results, 
and show no temperature shift with frequency. The point at 13 K Hz
lying near to the line (d) drawn through Lupine s data is the hydrogen
/ \
phase transformation peak of Wert . It is therefore reasonable to
suggest that DiCarlo’s assumption is wrong and Lupine’s pseudo peaks 
do not represent the beta peak at low audio frequencies. This also 
indicates that the peaks designated by DiCarlo as beta peaks in tungsten 
are also not part of the beta relaxation.
. I f  one separates the subsonic beta peaks from the high 
frequency peaks, then a line through the high frequency points gives
11an activation energy of about 0.6 ev, and an attempt frequency of 10 Hz. 
A line through the low frequency peaks gives an activation energy of 
0.04 ev and an attempt frequency of 3.5 Hz. The high temperature peaks 
seem to be straight forward: the attempt frequency corresponding to a
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mechanism involving dislocations. The low frequency peaks have an 
anomalously low activation energy and the very low attempt frequency 
indicates that the relaxation would not be observed at frequencies 
above approximately 1.5 Hz (assuming linear Arhenius behaviour).
If the assumption of two mechanisms is abandoned then 
the wide scatter of recorded beta peak data on the Arhenius plot must 
be accounted for. The very small values of relaxation parameter indicated 
by the subsonic data are difficult to explain. They would imply a 
mechanism with a relaxation time of approximately 0.75 secs. Such a 
relaxation time might be associated with bulk diffusion effects. Using 
ZCifier's formula relating relaxation time T, diameter d and diffusion 
constant D ^  for a cylindrical specimen
D = d2 / 13.55 t
3 2the diffusion coefficient is given as about 10 cm /sec. This is an
anomalously high value as the bulk diffusion constant of hydrogen at
6 2this temperature is of the order of 10” cm /sec. Thus a simple
diffusion mechanism is unlikely.
If the activation behaviour of the beta peak were non linear,
then all the points on the Arhenius plot could be fitted- by a single
mechanism. Non-linear behaviour has been predicted at low temperatures
(114)^  J.J. wou |^^  however, seem sensible to postulate a possible mechanism
rather than seek causes for non linearity in isolation.
The alpha and hydrogen snoeck peaks in niobium are well
established, hence the mechanisms responsible for these relaxations
are not likely to be responsible for the beta peak. Theories linking
(22)the beta and alpha peaks such as that of Escaig (Section 6.3.l)
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do not readily account for the annealing behaviour of the beta peak,
A Borodoni type mechanism would not be expected to show the sudden rise
in relaxation amplitude shown by the beta peak on annealing in the
region of 70 - 80 deg C, the beta peak would be expected to show essentially
similar characteristics to the alpha peak except for a displacement to
a higher temperature due to the higher activation energy for diffusion of
screw dislocations as specified by Escaig, Other possible candidates for
the beta peak relaxation are the Hasiguti and Koester type mechanisms,
(See Section 5.6.2 and 5.6.3).
A Koester type relaxation always occurs at a temperature
above that of the Snoeck relaxation of the interstitial concerned. This
is because both mechanisms are diffusion based and in the case of the
Koester mechanism the diffusion takes place in a perturbed lattice,
resulting in a slightly higher relaxation energy. Thus in niobium the
only common element that could give rise to a Koester relaxation below
270 K is hydrogen, since the other Koester relaxation peaks occur at
high temperatures (above 200 deg. C) above their corresponding Snoeck
relaxations. Another feature of the Koester mechanism is that is requires
an initial annealing treatment to produce a peak. The Hasiguti mechanism
is not well established for b.c.c niobium, although Chambers draws a
phenomenological correspondence between the Hasiguti peaks in f.c.c gold
and the beta and gamma peaks in b.c.c niobium. Hydrogen would appear to
be the most likely interacting interstitial. Even at the temperatures
( qq\
involved, hydrogen diffuses in the niobium lattice .
An intensive treatment of the Koester mechanism is that of
(9l)Schoek . This treatment is based on the movement of a dislocation 
retarded by a solute atmosphere. Large movements in terms of atomic
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spacing, are treated "by applying Einstein*s diffusion equation. For
short range movements this equation cannot apply, and thus the energy of
the dislocation is expanded in a Taylor series.
(83)Turkov considers in more detail the diffusion of an
impurity atom in a dislocation potential (See 5.6.3) This is a more 
basic approach than that of Schoek, and allows for the use of more 
sophisticated dislocation potentials.
To apply either theory in the present case requires a value 
for the diffusion constant of hydrogen in the niobium lattice at temper­
atures around 200 E. The only available value is that due to Alefeld 
(l22) (123)^  wk0 gives about 1 x lO"”'* cm/sec. This value was used 
in the subsequent calculations.
Using Turkov*s theory (Section 5.6.3) the peak amplitude of
relaxation (Q~^ ) obtained for a niobium hydrogen interaction at 200 K
-4 -4is about 2 x 10 , i.e. a logarithmic decrement of approximately 6 x 10 ,
assuming a hydrogen concentration of 0.2 a t  fo and a dislocation concentration 
T -2of 10 cm” . The Schoek large amplitude mechanism (Section 5.6.3) gives,
- 1 - 3using the above values, a Q value of 1.2 x 10 , i.e. a logarithmic
decrement of 3.5 x 10 , This is rather higher than the general range
of damping levels encountered in the beta peak region. Both these cases 
are dependent on the estimated values of the dislocation and impurity 
concentrations.
Thus the relaxation amplitude of the low frequency beta peak 
is of the same order as that predicted by theory for the relaxation due 
to the motion of a dislocation damped by a hydrogen atmosphere. The 
peak temperature is also implicated in this calculation through the 
diffusion constant of hydrogen, which varies strongly with temperature.
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A peak ascribed to oxygen-hydrogen dipole relaxation has
been observed in niobium single crystals containing 0.1 at fo  hydrogen
(ll2)at about 2300 K Hz . The peak is observed in specimens of 111
orientation, but not 100 orientation. Hydrogen and oxygen are required
(129)for its occurrence . The peak temperature is about 70 K. This
observation is interesting because of the very low concentration of 
hydrogen involved, and because it indicates that a defect cluster peak 
such as the oxygen-hydrogen dipole, would occur at very low temperatures 
at subsonic frequencies. The orientation dependence of such peaks would 
also result in further attenuation of the peak in polycrystaline specimens. 
The low peak temperature of the oxygen-hydrogen peak and its comparatively 
low amplitude of 8 x 10 ^ (logarithmic decrement) support the conclusions 
of Section 8.4.
Another group of mechanisms which could give rise to a peak 
in a material of the composition shown in Table 7.1, is the Zener 
mechanism, which occurs in dilute alloys and is due to a reorientation 
of pairs of solute atoms. The magnitude of the relaxation depends on 
the concentration of solute and the degree of misfit of the solute atoms 
in the lattice. In a recent review of the effect a table of
observed Zenner relaxations shows all except one type of relaxation 
(this in an alkali metal alloy) occuring at temperatures above 0 deg C 
and most at temperatures above 100 deg. C. It is also evident that the 
solute concentrations lie mostly above 10 At^ . In the present work the 
substitutional impurity contents of the commercial material were all 
below 0.5 Atfo making a Zenner relaxation of a significant amplitude 
unlikely. In the case of Zenner relaxations, a square law dependence 
of relaxation peak amplitude on impurity concentration is observed.
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(57)Beta peak data which might show this effect is that of Amateau
on 1.5 wt$ and 2.5 wt$ molybdenum niobium alloys. The beta peaks in
these alloys at 2 Hz are shown in Figure 6.2.8 compared with that in
pure niobium. In the alloys the high temperature side of the beta peak
seems to be affected by the presence of another peak. Ho square law
dependence of the maximum relaxation amplitudes on concentration can be
observed (least squares test).
Thus a Zenrfer mechanism involving a substitutional impurity
seems unlikely on both general grounds and on the available experimental
evidence. A Zeiyafer model would also make it difficult to account for
the sharp rise in peak height after annealing at 80 deg. C.
The most likely mechanism for the subsonic beta peaks appears
to be a hydrogen Koester mechanism. The high frequency beta peak which
may be a different mechanism has not been observed to exhibit the complex
annealing behaviour of the subsonic peaks. From the attempt frequencies
found (Figure 8.2.2) of about 10^  it would appear to involve dislocations.
It is tentatively suggested that the relaxation could be similar to
the Hasiguti mechanism. However, the Hasiguti mechanism is not yet
(65 )clearly accounted for and so further progress in this direction is
not at present valid.
8.6 Properties oftthe Beta Relaxation
8.6.1 Annealing Behaviour
The annealing behaviour of the beta peak as described in 
Chapter 7, is complicated and does not show a straight forward kinetic 
behaviour. The most difficult feature to explain is the sharp rise in 
peak height after a two hour anneal at 75 - 85°C. This effect has been
(24)reported by the present work and by Stanley and Skopiak .
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The absence of a beta peak in highly purified material 
(electron beam melted) indicates an association of the beta peak with 
impurities. The enhancement of the beta peak on annealing in the region 
of 80°C could thus be associated with a migration or change of state of 
an impurity. If the impurity is to participate in the relaxation process 
it must be mobile at the beta peak temperature (200 K). The only 
impurity which appears to be mobile at these low temperatures is hydrogen.
Examination of the niobium hydrogen phase diagram (Figure
8.6.l) indicates an isothermal transformation at around 74° C from
a partial solid (p) phase to a liquid like phase ( af ). The aT
phase is termed liquid like because it exhibits short range order giving
a structure analogous to that of a liquid. A gas like phase ( a ) is
present for low and moderate concentrations of hydrogen in the
a and a* phases the niobium lattice remains b.c.c. In the beta phase 
/>
a small orthorhom^c distortion is produced. A critical point is observed 
at 172°C (111).
The state of hydrogen in the niobium lattice has been
(1 0 0)
examined in some detail by Alefeld ' , and in a review article
(85)by I'forgner and Homer . The structure of the (3 phase has been invest­
igated by Schoeber (et al) using electron microscope diffraction
techniques which allowed resolution of both the niobium hydrogen lattice 
in a single domain, and the hydrogen super lattice. The bulk of their 
observations on the exact structure of the p phase are not important 
here, however, a direct observation of the ' p a phase transformation
provides useful information. Schoeber (et al) noticed that the
p phase was unstable at temperatures around room temperature because of 
slight heating due to the electron beam. On heating of a beta phase area,
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it lost hydrogen to a neighbouring a phase area and gradually became 
a1 phase. Movement of the a- p boundary into the p material 
could be observed. Locally this transformation was irreversible since 
excess hydrogen was lost to neighbouring p phase areas. Schoeber (et al) 
(106) a-j_so noticed that transformed areas had a very high dislocation 
density. The dislocations were observed to be generated by the advancing 
phase boundary and were emitted by the boundary as it crossed the p 
material. This electron diffraction work indicates an increase in 
dislocation density as the phase transformation takes place;such 
an increase in density would enhance dislocation relaxations not strongly 
dependent on loop length, thus causing'the sharp increase in damping 
after the 80 C anneal.
If hydrogen were the interstitial responsible for the beta 
relaxation, the sharp rise at 80 deg. C could be associated with the 
p -*■ a1 transformation at 80 deg. C, causing release of hydrogen from 
the solid p phase and also from the observations of Schoeber 
an increase in the dislocation concentration. On subsequent annealing 
treatments, hydrogen is reabsorbed on dislocations or migrates away from 
them, and thus the relaxation amplitude falls. With further annealing, 
at temperatures greater than 140°C, the aT - a transformation takes 
place progressively, again increasing the hydrogen concentration locally, 
and hence the peak height. The annealing curve here shows a progressive 
increase rather than the sharp rise after 80 deg. C, indicating progression 
along the a1 - a boundary. The decrease in peak height after annealing 
at temperatures higher than 200 C, reaching zero by 400 C, is probably 
due to further redistribution of hydrogen at, or away from, dislocations.
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A detached treatment of the above mechanism in terms of
dislocation point defect interactions is complicated by the great variety
of dislocation habit planes in niobium, and the influence of the habit
(53)plane on the dislocation point defect interaction energy . It is 
possible that some of the redistribution of hydrogen mentioned could be 
purely redistribution of concentrations in the vicinity of, or close to, 
dislocations.
The damping rise after annealing at around 80°C could, there­
fore, be considered as due to an increase in dislocation density, or an 
increased availability of hydrogen, or both. The second alternative
implies an interaction in which hydrogen participates directly, whilst
06't a.ct
the first does not require the^participation of hydrogen. The effect 
of annealing would obviously be greatest in a mechanism sensitive to 
both dislocation density and hydrogen availability in the a and a’ 
phases.
It could be argued that the very low concentration of hydrogen 
(l.5 At$) present in the material studied, precludes the existence of a 
beta phase. Wert however, has described peaks due to hydrogen
in niobium specimens containing as little as 0.25 At$  hydrogen. In 
particular a (3 - a phase transformation peak was reported a .^
87 deg. C.
8.6,2 Arhenius Plots of the "Beta" Peak
Figure 8.2.2 shows all available data on the beta peak as 
an Arhenius plot. The indications of this diagram and best fit lines 
calculated from the data points, is that the data for the beta peak can-
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not be represented by a single straight line. This indicates two possible 
alternatives, the subsonic and high frequency mechanisms are different, 
or the same mechanism is involved in both but there is a pronounced non- 
linearity in the Arhenius plot.
Curvature of the Arhenius plot at low temperatures has been
discussed by Alefeld and by Nowick and Dienes Such a
curvature is likely to occur with a dislocation interaction. The effect
consists of modification to the motion of an atom or dislocation over
a potential barrier by tunnelling (^ 25) .jjy presence of
zero point motion, i.e. a deviation from classical laws, causing the
mean square displacement below the Debye temperature to be greater than
/ )
the classical value, whereas the thermal energy is less . This 
leads to a modified Arhenius law. Nowick and Dienes aqs0 invest­
igate the behaviour of activated processes at low temperatures. They 
do not, however, find it possible to account for the observed deviations 
from classical behaviour and conclude that a second diffusion mechanism 
must be involved. In the case in question neither effect isllikely to 
be significant in the temperature range 200 to 500 K.
The energy difference between the high and low frequency 
beta peaks, could be due to the dislocation motion. The resistance to 
the dislocation motion will increase with frequency towards the relativ- 
istic limit resistance to motion increases the energy
required to produce the motion will increase; in the case of a simple 
mechanical system this effect would simply manifest itself as an increase 
in drive energy. In the system under consideration where diffusive 
motion of atoms is involved the effect will appear as an increase in 
activation energy with increasing frequency. The velocity of sound in
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the material is imposed as a limit to dislocation velocity. In a crystal 
which is anisotropic this velocity will vary with direction. For the 
case of screw dislocations the relationship between the energy W of 
a stationary dislocation and one moving with velocity y is given by 
the simple expression
dW = 1
dW " 2 ,_2. \
o (1 - Y /c0)
where C is the velocity of transverse acoustic waves in the material
(analogous with energy and rest energy relationship in relativistic
mechanics). This extra energy must be supplied to move the dislocation
at a rate comensurate with the applied stress frequency. At.l M Hz a
dislocation undergoing a sinusoidal motion of amplitude 4^  will require
an additional energy of lCf^ of the low frequency value. Further theory
(l24)
for accelerated dislocations yields a similar result. It is thus
apparent that for the frequencies and amplitude in question the relativistic 
effect is not significant.
Since these two basic effects are not significant, one must 
look for an effect inherent in the mechanism producing the peak. Schoek*s 
treatment of dislocation motion for the case where movement is less than 
one atomic diameter, leads to a temperature dependent relaxation of the 
form
“ Y
where 8, is the pinning point separation and
where cL and are constants in the Taylor expansion of the dis­
location stress, n^Q is the number of solute atoms in equilibrium with 
the dislocation at site i and B = { fi b, This results in a relaxation 
time which decreases with temperature, the decrease tending to a limit 
at high temperatures. This does not correspond to the changes in activation 
energy observed on the beta peak Arhenius plot, which imply for a constant 
activation energy an increasing relaxation time.
Some recent measurements on the diffusion constant of
(qq\
hydrogen in niobium at low temperatures ' indicate three regions
with sharp boundaries. Between these three regions the activation energy
differs considerably while the pre-exponential is virtually constant.
(
See Table 7.1. Suessmann and Weissman interpret this non-classical
behaviour in terms of the quantum theory of diffusion. These different 
activation energies lead to different diffusion constants in the three 
regions which will lead to different properties in models based on 
diffusion. Thus a sharp break in slope of the Arhenius plot for the beta 
peak might be expected if it depended on a hydrogen diffusion model.
It will be seen in the Arhenius plot for the beta peak 
(Figure 8.2.2) that the best fit lines drawn through the high and low 
frequency data, intersect at about 240 K and at a frequency on the Arhenius 
plot of about 1.8 Hz. There are too few experimental points for the beta 
peak to make this procedure very accurate, but it is sufficiently reliable
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TABLE 8.6.1
E (m eV)
104 d (cm2 " 1s)
High Temperature
106 t  4 (88)
109 - (126)
5.0 t  1 (88)
5.4 (126)
Low Temperature
68 t 4 (88)
0.9 i 0.2 (88)
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to give a value of the right order. A consequence of this effect is that 
Arhenius plots of the beta peak in the region of 1.5 to say 5.0 Hz will 
be nonlinear and unlikely to yield reliable information. Frequency shift 
values obtained in the present work are shown in both frequency Vs 
temperature and Arhenius form in Figures 8.6.3 and 8.6.4. Insufficient 
datattf*u available over the whole frequency range up to 1 M Hz to allow 
interpretation of these plots on the above theory, but the grouping of 
the data points shows a definite change in the region of 1.4 Hz. Behaviour 
in the region of such a transition can, however, often exhibit detailed 
anomalies and it is felt that strict interpretation should not be put on 
the above value without further confirmation. Insufficient data exists 
for any conclusion to be drawn about the nature of the change in slope.
Further evidence exists in the resistance measurements of 
Sasaki and Matsumoto on hydrogen niobium alloys. In this work an
inflection in the resistance ratio temperature curve is found at 200 K 
in 0.16 At % H alloys and at 230 K for 0.35 At$ alloys (these are values 
for repeatedly cycled specimens, on first cooling results approximately 
20 K lower were obtained). The sharpness of these transitions is 
reduced by plastic deformation.
Thus the possibility that the high frequency and subsonic 
beta peaks are due to the same mechanism and the difference between them 
is associated in some way with the anomalous properties of hydrogen in 
niobium, cannot be completely excluded. However, such a theory would 
have to accurately predict the shape of the Arhenius plot. Hone of the 
possibilities discussed above seem to fit the sharp slope change indicated 
in Figure 8.2.2.
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8*7 Hydrogen Concentrations
The presence of hydrogen relaxation peaks in niobium hydrogen 
alloys with hydrogen concentrations as low as 0.25 has been observed 
by Wert et al The peaks observed included the hydrogen Smoek
peak and a sharp peak at 560 K associated with the {3->• a* phase transition. 
A hydrogen precipitate peak and a hydrogen oxygen interaction peak have 
been observed in niobium 0.1 At$ hydrogen, by Schiller and
Resistivity changes in hydrogen niobium alloys (0.16 At$ and 0.55 Atfo )  
were described by Sasaki and Matsumoto ^11 these results indicate
that in hydrogen niobium alloys very small hydrogen concentrations are 
required for measurable effects.
If the presently available phase diagram (Figure 8.6.1) is 
correct and if the hydrogen is uniformly distributed in the lattice, only 
the alpha state should exist at these low concentrations, and therefore, 
Wert et at' should not have observed a { 3 a' transformation peak.
The presence of a p phase at these low concentrations would require 
local concentrations of hydrogen in the lattice possibly in the vicinity 
of dislocations. In the case of the existence of such local concentrations 
it becomes difficult to deduce the concentration of different phases from 
the overall hydrogen concentration.
The Koester peak has been observed at very low concentrations 
at which the Snoek peak has vanished. In the niobium - nitrogen system, 
the Koester peak has been observed at concentrations of 0.06 At$ N 
Thus the low concentrations of hydrogen present in the specimens used in 
this work are likely to be significant when compared with the reported 
data.
8*8 Peak Structure
The structure of the beta peak, from the data obtained, 
varies with annealing and with the small plastic strains involved in 
mounting and demounting the specimen, heating and cooling it and starting 
and stopping the oscillation. This behaviour would be expected from a 
mechanism which is sensitive to dislocationj[and'structure. In many cases 
the peak appears to consist of a number of elements which are of non- 
Debye form. Due to the pronounced non-Debyefform and the variability of 
the peaks, no attempts were made at further analysis, as the implementation 
of the methods described earlier for distributed peaks, although valid 
in theory did not appear feasible in terms of the capacity of the 
available computing facilities.
The appearance of the beta peak as a multiple peak structure 
is explicable in terms of an interstitial dislocation interaction theory 
because of the presence of dislocations having various interstitial
(53)interaction energies in the sense of the theory of Sines and Masamura j
that is dislocations lying in different habit planes possess different 
interaction energies with interstitials. Thus a system where the inter­
action energies of dislocations were grouped into several different 
ranges would give rise to a multiple beta peak. There appears at present 
to be no method of determining dislocation population distributions 
within a solid that can be extrapolated back to the population state 
within a large volume of solid.
8.9 Concluding Remarks
Very little interpretation of the beta peak mechanism has
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been attempted and the total experimental data available is barely 
sufficient for detailed interpretation.
It is possible that certain mechanisms involving dislocations 
and dislocation loop lengths in an anisotropic material have a built 
in ‘’uncertainty principle” in that the detailed properties of the mechanism 
are dependent on the population of dislocations in each possible habit 
plane, that is, the properties of the model vary with dislocation sub­
structure. Dislocation substructures are easily changed by handling 
and by heating, so that the effects of remounting the specimen and 
annealing become uncertain. Thus such a theory predicts experimental 
non reproducibility and the interpretation of experimental data becomes 
difficult. However, in such a case the existence of non reproducibility 
points to a structure sensitive mechanism.
The interaction between hydrogen and dislocations in niobium 
has here been tentatively assumed to follow the Schoek model. While the 
Schoek formulation would appear to apply to interstitial dislocation 
interactions occuring at higher temperatures with heavier interstitial 
atoms, there are grounds for doubting its complete validity in the case 
of hydrogen interstitials at low temperatures. These are the very small 
mass of the hydrogen atom and a possibility of its existence in the 
lattice as effectively a bare proton. This leads to the possibility of 
non-classical behaviour at low temperatures.
To a first approximation the results of non-classical 
behaviour are included in the measured value of the macro diffusion 
constant. A second difficulty in the direct-application of a simple 
Schoek model is the nature of the dislocation structure in real metals, 
that is, the variation of the interaction potential between dislocations
173.
and point defects with the dislocation habit plane. The theory of this
(53)has been investigated by Sines and Masamura . Results for niobium 
are shown in Figure 8.6.2. This variation in interaction potential would 
probably give in many cases a spectrum of discreet relaxation peaks super­
imposed on a continuous spectrum depending on the concentration of individual 
dislocation types, and also on the angular position of the interstitial 
relative to the dislocation.
A modified dislocation interaction theory could be developed, 
based on the model advanced by Turkov and Schermegor, which is as with 
Schoek's theory, a development of the original work of Koelher. This 
would involve replacing the simple Cottrell potential employed by Turkov 
and Schermegor by a more complicated potential such as that suggested by 
Sines and Masamura. Considerable mathematical difficulty is, however, 
involved in solving the resulting integral equation.
CHAPTER 9 SUMMARY
9.1 Apparatus and Techniques
The measurement of low level internal friction at near the 
practical limit by an automatic constant amplitude method has been 
demonstrated. A transducer of novel form giving an output directly 
proportional to the energy lost in the specimen at constant amplitude 
has been designed and successfully employed. The suitability of the 
continuous flow type cryostat for internal friction work has also been 
demonstrated. The effects of temperature gradients on internal friction 
measurements, have been simulated and criteria for allowable temperature 
gradients established.
The analysis of complex peak structures by computer methods 
employing rigorous optimisation techniques which operate independently 
of the user and eliminate personal bias has been shorn to be feasible.
9*2 Experimental Results
The experimental results produced in this work support the 
following contentions:-
1. That the beta peak in niobium may arise from an unstable 
mechanism probably involving a hydrogen dislocation interaction 
of the Schoek (or Koelher) type.
2. That the Arhenius plots of the peaks widely termed beta peaks, 
occuring at high and low frequencies may have different slopes 
either due to a curvature or discontinuity in the Arhenius plot 
or because they arise from different mechanisms.
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3. That the presence of a small amount of impurity, possibly 
hydrogen, is required for the production of the beta peak in 
niobium.
4. That the beta peak annealing curves are similar in form from 
specimen to specimen but do not follow a simple monotonic 
law.
5* The initial sharp rise in the beta peak on annealing is approx­
imately coincident in temperature swith the |3 a1 transformation 
in the niobium hydrogen system, while the rise at higher tempera­
tures corresponds with the a1 - a transition of the same system.
6. That peaks recently observed in the transition metals at low
(59) (64)audio frequencies are not beta peaks.
9.3 Theory
Some features of the beta peak in niobium are explained by 
a hydrogen dislocation (Koester) model.
1. The absence of the beta peak in very pure material.
2. The non reproducibility of the effect.
3. The amplitude and peak temperatures of the peak.
4. The variable peak structure.
5. The need for annealing at moderate temperature to produce the 
peak is established as a feature of the Koester mechanism.
An explanation of the following feature is indicated 
The growth of the peak during annealing at 80 C and 140 C, and 
its intermediate and subsequent decrease to zero.
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Further experiments to establish details of concentration 
and strain amplitude dependence would be of interest. Further careful 
experiments over the whole frequency range from subsonic to kilohertz 
frequencies are required to eliminate the present uncertainties in the 
Arhenius plot and to establish how and where the plot is anomalous.
Because of its apparent inherent instability, and the 
remaining uncertainty about its mechanism, the beta peak is unlikely to 
be of much use for the study of annealing states, and the determination 
of the mechanisms and interstitial concentrations involved. It does, 
however, remain a curiosity especially in the anomalous Arhenius plot 
and its relationship with the other hydrogen peaks in niobium. Due 
to the presence of several vaguely identified relaxations at low 
temperatures in b.c.c metals, very great care is required in the 
classification of these peaks. Some confusion already seems to have 
occurred through misidentification of the beta relaxation.
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APPENDIX 1
DETAILS OF IhfERMh FRICTION MEASUREMENT CIRCUITS 
la* Amplitude Detector Circuit
An amplitude detector using a pair of coils with variable reluctance 
in a bridge circuit was adopted* The main reason for employing this con­
figuration was its insensitivity to small vertical movements of the 
ferrite plates* (The configuration is shown in Figure A.l.l) There are 
also no surfaces in close proximity to the transducer to cause energy loss 
by inadvertent rubbing contact. The coil formers, cores and plates were 
taken from a standard ferrite core assembly. The coil was wound on the 
bobbin, inserted in the ferrite rings and the whole assembly encapsulated 
in araldite. The open face of the core was then ground flat so that the 
surface of the ferrite was exposed
The ferrite plates were mounted on a light cross bar of thin wall 
brass tubing fixed at right angles to the pendulum. The coils were 
fixed rigidly in the pendulum housing.
The bridge circuit was completed by two 1,000 ohm resistors. The 
resistors had a value similar to the impedance of the pickup coils, thus 
providing maximum sensitivity in the bridge .circuit. The output of the 
bridge circuit was fed through the first operational amplifier which had 
a gain of about ten.
The bridge was energised at a frequency of 1.1 K Hz. This voltage 
was obtained from a standard Wien bridge oscillator followed by a power 
amplifier giving a peak to peak output of about 24 volts with a maximum 
power of 1 watt. A transformer served to isolate the bridge from ground 
(Figure A.I.2)
The first amplifier was followed by a second arranged as a band 
pass filter, (using a bridged T. network in the feed back line) in order 
to eliminate any harmonics or hum picked up in the bridge circuit. The 
signal was then fed to the detector circuit. The transformer produced
A2.
two signals with a phase difference of 180 degrees which were fed along 
two separate paths consisting of matched transistor pairs formed on the 
same chip; these paths were opened and closed by the 1.1 K Hz drive wave 
form applied to the transformers shown. Thus depending on the path open 
and on the phase of the bridge output positive or negative currents were 
fed into the load resistor. The signal from the detector was then ampli­
fied by a direct coupled amplifier* which was followed by a filter network 
which removed harmonics of the drive frequency produced in the detector.
The cut off of this filter was arranged to start at about 10 Hz.
The series capacitor in the filter served to block any steady 
d.c. level due to mechanical misalignment in the transducer system; it 
was constructed fnjug two electrolytic capacitors back to back protected 
by diodes as shown. The filter was followed by a buffer amplifier, with 
high imput impedance, which reduced the current through the series 
capacitors to a small value.
A.l.b Signal Defining Circuit
In order to operate succeeding circuits it was necessary to know 
as accurately as possible the zero crossing points of the sine wave 
derived from the pendulum oscillation. This was achieved by feeding the 
sine wave to an amplifier connected as a trigger, i.e. when its input 
was slightly displaced from zero, a regenerative action takes place and 
the output goes fully positive or negative, depending on the input.
This circuit was followed by a limiter employing Zener diodes in 
a bridge, which limited the square wave to a predefined voltage. Thus when 
the input sine wave crossed zero the output of the trigger changed sign, 
giving a square wave of the same period and exactly in phase with the 
input $4nn , ’
A.l.c Sample and Hold Detector System
This system indicated the peak value, in each cycle of the sine
ferrite plate
1 i gh t 
cross beam
pendulum shaft
pickup coil
araldite
P \
bobin
coil
ferrite core 
section through pickup coil.
Figoa.1.1.
Construction of pickup transducer.
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wave representing the oscillation of the pendulum. In essence the peak 
value of the oscillation is first detected and then stored for the duration 
of one cycle on a sample and hold circuit. The timing waveforms for these 
circuits were derived from the square wave produced by the trigger circuit 
described previously, by detecting the change of sign of the input wave 
form. Provision may be made to record both positive and negative peak 
values of the waveform.
The sine wave was fed to the positive output of the operational 
amplifier via a 100 K residsor. The diodes in the feed back line
limited the output voltage to very nearly the input value. The diodes 
Dg conducted charge on to the holding capacitor until they became 
backbiased, when the greatest voltage across remained on until 
reset by RS2, which is a reed switch.
Qu was a polycarbonate capacitor; this type was used because of 
its inherent low leakage and good dielectric properties. (Most types of 
capacitor exhibit a dielectric relaxation when the charging voltage is 
removed resulting in a drop of some tens of millivolts in the first few 
hundred milliseconds; this effect which gives rise to an error in sample 
and hold circuits is not exhibited by polycarbonate dielectrics). The 
relay HL 1 was operated by the square wave derived from the input wave 
form and switched the diodes and for positive or negative peaks.
This switching was required because of the non ideal nature of the diode 
characteristic around zero. Contacts on RL also directed the signal to 
the relevant sample and hold circuit. The second amplifier was a buffer 
for Cg preventing current being taken by the following circuits.
The sample and hold circuits A^ and A^ operated by placing a 
capacitor in the feed back path of the amplifier and arranging that when 
the input signal was sampled the amplifier had some finite gain. This 
was obtained from the two resistors and the reed switch shown. The 
capacitor was then charged to the value of the input voltage (at a rate
A6.
depending on the output current available from the amplifier, the 
operational amplifiers used easily give a rate in excess of 500 V/sec.).
When the connection was removed the capacitor remained charged to the 
input voltage value, and so this value appeared at the amplifier output.
The charge on the capacitor leaked away at a rate dependent on the input 
current of the amplifier; with the present configuration a time constant 
of five minutes was readily obtained.
The timing pulses for changing R3 1 and RS 2 were derived from 
the imput wave form. One pulse was required at each zero crossing in 
either direction. These pulses were derived from monostables which 
trigger on a negative going edge. Thus the square wave was applied 
directly to one monostable and to the other via an inverter; this gave 
the required pulse train. It vaB then required to operate the sample and 
hold circuits just before resetting the peak detector. This was achieved 
by feeding the pulses through two raonostables in series, when, since the 
second one triggered on the negative going edge of the first, its output 
pulse was delayed by the operating time of the first. The pulses from 
these monostables operated the reed switches through driver transistors.
A.l.d Differential Amplifier and Output Servo
The output from the sample and hold detector was applied to the 
inverting input of the differential amplifier. The other input was 
connected to a potentiometer across a 9 v supply providing the reference 
voltage. The network of 500 resistors and the capacitor constituted a 
low pass filter, this prevented any higher frequency noise in the system 
from reaching the amplifier. The gain control resistors were variable 
in steps giving gains up to 800. The 1 mfd capacitors shunting the amplifier 
gave it a response time of about one second at the highest gain, and thus 
served to prevent response to any fast spurious changes. With the 
reference supply fixed at a chosen value excursions of the signal about
N XI j•<D ro
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this value caused the output of the amplifier to go positive or negative 
the output being given directly as the error voltage multiplied by the 
gain of the amplifier, until the supply line voltage in either direction 
was reached when the output remained clamped to this value.
The output of the differential amplifier was applied to a low 
inertia servo motor through a feed back amplifier which gave the motor a 
linear voltage speed characteristic#
The output shaft of the motor drove a ten turn helical potentiometer 
through a reduction of about 250:1 The slider of this potentiometer fed 
a voltage on to the input of the output amplifier# This amplifier provided 
only current gain and just reduced the loading on the potentiometer#
Current flowed through the driver and a variable series resistance, in 
exact correspondence with the voltage appearing at the output# This 
current was measured by a meter (not shown in Figure A#l#^) and a 10 Jh 
resistance was included to provide a take off point for a data logger 
digital voltmeter. The voltage appearing at the potentiometer slider 
was also applied to the input of an amplifier with variable gain which 
drive a potentiometer chart recorder (standard type, 10 chart width)#
This amplifier was a£ain deliberately made to have a large time constant 
since it was found that the recorder servo system tended to resonate with 
the reset pulses from the detector system. For the present measurements 
a response time of about one second was adequate and up to twenty seconds 
could be tolerated# The capacitor in the output prevented 50 Hz pulses 
from the recorder amplifier breaking through into the control system#
A#l#e Integrator
The integrator circuit in its general form gives an output 
representing the time integral of the input over a time determined by 
the values of the input resistor and the feedback condenser# In the case 
of the input being a step function the output will be a linear ramp.
Thus the square wave applied to the second system loop is converted
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to a triangular wave from of about 10 volts amplitude by the integrator. 
Provision is made to vary the time constants of the integrator to give 
integration over varying times to suit a range of frequencies from 0.1 - 
-10 Hz. The circuit is shown in Figure A.15. It is the type generally 
known as the Rauch circuit and employs a second resistor capacitor loop 
to fix the amplifier levels relative to ground thus preventing drift.
As may be seen if! Figure 5*3#2 the integrator also provided a 90 deg. 
pulse shift between the square wave and the triangular wave.
A.l.f Sine Synthesizer
The sine synthesizer employed a segmented fit circuit. Two
reference voltages were employed since the sine wave has both positive
and negative slopes. Three break points proved sufficient as in the system
under consideration only the power input by the drive magnet is of
importance and this is determined solely b> the area under the envelope;
thus small deviations from pure sine wave sJtape are tolerable.
Adjustments were provided for each value in the network and the
of
wave form was finally set up by comparison with a sine wave^ similar
amplitude and frequency using an oscilloscope. Once set up the circuit
needed no further adjustment. See Figure A.1.6.
A.l.g Output Amplifier
The output amplifier was required to drive the magnetising current 
through the coils of the drive magnet. These represent a d.c. resistance 
of about 400 ohms, and due to the low frequencies used their resistance 
is negligible. Thus a comparitively simple output circuit is sufficient, 
providing an output balanced about i&ere volts*
The operational amplifier shown provided a buffer between the 3ine 
synthesizer and the output circuit and also provided some smoothing of the 
sine synthesizer output. A small d.c* voltage applied to the input 
allowed a degree of correction to be applied to the zero point of the
Fig. A.1,5
Integrator circuit
Hr*
load
—
Fi^. A.1.6
Sine_ synthesizer and output circuit.
wor
U m
synthesizer
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output amplifier.
Fine adjustmentsof the output amplitude were obtained by an 
employing a helipot, The output trarisitor pair give a maximum output 
current of about 30 Ma in either direction. This currentu>as indicated on 
a centre zero meter.
A14.
APPENDIX II
DETAILS OF PENDULUM ASSEMBLY 
A.2.a Extension Housing
The extension housing couples the pendulum housing to the cryostat. 
Thermal contact with the cryostat takes place through the copper tip 
which fits into an exactly matching taper in the cryostat. The copper 
thimble slides off the tip allowing the removal of one half of the inner 
taper, also made of copper, which is cut longitudinally as shown, thus 
providing easy access to the specimen. Both grips are then exposed and 
the specimen may be fitted easily by inserting it through the lower grip*
The lower grip, one half of the taper and the extension housing are soldered 
rigidly together. The upper tubular part of the extension housing is 
made of thin wall stainless steel tube and terminates in the threaded brass 
block shown,
A,2.b Pendulum
The pendulum serves to determine the natural frequency of the system 
and with the specimen forms the total oscillating part of the system. It 
is desirable, in order to obtain as large as possible frequency range, 
that moot of the moment of inertia in the pendulum should be concentrated 
in the variable weights on the inertia bar. For this reason the rest 
of the pendulum is made as light as possible, but with due attention paid 
to the rigidity of tne structure.
The top support wire is fixed in the chuck shown ( a small jeweller's 
pin chuck) below this is fixed a boss carrying the cross beam, which 
supports the ferrite plates of the pickup transducer. below this is 
mounted on a short extension rod, the drive transducer coil former. This 
consists of two cross pieces of tufnel ( the vertical part of the coil 
being self supporting)* The coil passes under the saddles shown* A 
short extension piece carrying the straining lug extends down to a nut
support wire chuck
Territe plates
drive coil 
Tormer
training bos
on rods 1 or . , . .econaary excitation
inertia bar
extension tube
upper grip
Fig,A.2.1
Pendulum assembly.
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which fixes the top part of the pendulum to the main inertia bar* This 
nut carries an iron cross member for the secondary excitation* The main 
inertia bar consists of a brass boss carrying two (or four) screwed arms 
on to which are locked lead inertia weights; these provide the variable 
factor for the inertia* The extension rod is made of 5 m.m diameter 
stainless steel tube of 0*15 ohm wall; this gives the required low conduct- 
ivety, whilst retaining sufficient rigidity. Fixing points at each end 
are obtained by soldering in brass bushes. The lower grip is screwed on 
to the end of this rod. Both grips are formed to grip the specimen by 
deformation and approximate to a three point contact.
A.2.C Cryostat Housing
Figure A.2.2 shows a sectional drawing of the cryostat housing.
The main flange (l) forms the support for the whole equipment, and carries 
all services to the interior of the cryostat. The cooled zone (2) of the 
cryostat is supported on the folded tubes shown so that a long heat path 
is possible in the short space provided. The cold zone consists of the 
copper block (3) which is lapped to make good contact with the pendulum 
housing tip$ the surrounding sintered bronze heat exchanger, and its vacuum 
tight enclosing case (5)* The copper block (3) also contains a thermocoax 
heater. Liquid gas enters through the tube shown (6), is sucked through 
the sintered bronze packing (4) and put through the tube (7)* Tube (7) 
spirals around the heat shield and out through (8), Both inlet and outlet 
tubes are supported on thin wall tubes at some distance from the main flange 
so reducing heat leakage at these points. The outside of the heat shield 
is covered in a layer of aluminised plastic of very low emissivity (9)> 
thus reducing the radiative heat input to the cold zone. The whole 
system is enclosed in an outer stainless steel case* To this case is 
attached a vacuum gauge and at the base a 2 inch diffusion pump.
liquid nitrogen pendulum housing •nitrogen- ga
s intered 
bronze heat 
exchanger
hea ter
diffusion
pump
F i g o  Rtk.%
Cryostat assembly.
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A.2.d straining Mechanism
The straining mechanism is used to apply tensile stress to the 
specimen* The method used is the simple screw jack. Precautions are 
taken in the design to ensure rigidity and ease of motion without backlash. 
(Figure A.2. )
The central shaft (l) carries at its lower end a bayonet connection which
engages with the shaft of the wilson seal in the top of the pendulum
housing. This shaft (l)f runs on phosphor bronze bushes (2 ) and (5 )
and is prevented from rotating by the key (4 ), which engages in slot (5 )•
The body (6) is machined from stainless steel. A phosphor bronze nut (?)
engages with a 10 T.P.l* square section thread (8) and thrust is taken by
the two thrust races (9 ) and (lo). The nut (7) is driven by the worm (ll)
through the wormwheel (12), the worm (ll) runs in plain bearing bushes
fitted into case (6) and is coupled externally to the drive motor, whose
final speed is 6 R.P.M. The ratio of the worm drive is 1051 giving a
final shaft translation speed of 2.5 x 10 cm/sec which gives for a 5 cm
-4
specimen a strain rate of 5 x 10. The whole assembly is sealed and 
packed with soft grease.
A.2.e Main Frame
The apparatus previously described is supported in a heavy frame 
of welded steel construction. This frame provides a rigid support for 
the pendulum, thus helping to redp^e local vibrations, and also a means 
of ensuring accurate alignment of the pendulum housing and the cryostat.
Without such guidance, insertio^^f the pendulum housing would be difficult 
and liable to damage the lapped surfaces of the copper taper. The main 
frame also supports the mechanical and electrical equipment needed to 
operate and protect the vacuum system and the motors used for raising the 
pendulum housing and straining the specimen. The backing pumps are 
supported on a separate steel frame, in order to reduce vibration trans­
mission.
Straining mechanism.
APPENDIX III
P5TAIL3 OF PEAK ANALYSIS PKOGttAKME 
A#3*a The Master Segment Control
The segment handles input, output and operational control of the 
program in accordance with the user*a instructions*
User instructions are read and 
compared with a master set of instructions; the correspondence of an 
input instruction with one of the master set is noted. Non-correspondence 
causes transfer of control to a routine which searches for an ‘end* 
instruction causing intervening operations to be ignored. In the event 
of an instruction being recognised, control is transferred via a multiple 
((0 TO- statement to the required section of the program* When the 
required section has been completed control returns to the instruction 
reading loop in order to process the next instruction*
The instruction sections work in the following fashioni-
End of run — — . tlllt causes the message • end of output* to be
printed, and end of data sentinal to be written on the plotter tape 
(if this has been used) and the program to halt#
Consider an exponential background •EBG*; this causes an
indicator to be set which subsequently adds a background of the form
ax
K e
to the calculated function. If this instruction is given outside its 
permissible content, that is, if no function has been set up, transfer to
m
the next instruction occurs*
fiead secondary parameters - *E3P* —  This instruction reads (in
format (l4/l4/El0.6/l4/l) ) a set of values which are added to the 
fixed values of the control parameters of the main .'x- optimisation
A22.
routine, thus enabling these to be altered to suit special cases. In 
most cases the values written into the program are correct.
Head in and output test - •HIT* —  Text in the form of 10 cards (blank 
or used) is read in and transferred to the output document.
End of instruction set - *END* —  This instruction signals the end of
the present set of instructions and the start of data processing. Control
is transferred to the indicated part of the segment.
Head in data parameters - ■fRNP.1 —  This instruction reads in a list of
parameters until an end of list sentinel is encountered.
following the number read in indicates that it is to be iterated, 
a blank that it is fixed. If the parameter occurs at the end of the list 
the first •?• is replaced by a , The number of parameters in the
list is checked against the operation specified and the list is rejected 
if the number of elements is incompatible. The parameters and iteration 
indicators are printed out as read in order to show up format errors.
Read new data - •fUSTD* — This instruction reads in data supplied on 
cards in the form of temperature relaxation amplitude pairs. The list 
is again terminated by ///• The input data is then printed to facilitate 
checking.
Plot on graph plotter - •PLO* —  The output from this operation is 
plotted on the graph plotter, in addition to the line printer plot 
normally given.
Analyse normal peak - •ALP* —
Simulate log peak - •SLP* —
Simulate sec^peak - ’ESP' —  All these instructions set up indicators 
for the operation specified. The simulate instructions also read in the 
starting point, the interval and number of points in the simulated spectrum. 
Head magnetic tape - 'RMT1 ~  Magnetic tapes prepared by an ancillary 
reading program from ALGOL magnetic tape backing store tapes are read by 
the program.
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Iterate peak heights - •IRA* — — This instruction causes peak heights 
to be iterated using a linear least squares routine, removing any relaxations 
■which fall below a certain limit.
Calculate peak heights - *APH* — —  Peak heights are calculated using 
one cycle of a linear least squares routine. The instruction is intended 
to serve as a means of obtaining starting values for the general optim­
isation routine.
Reset iteration indicator - •RII* — - This instruction enables the 
iteration indicator for the parameters to be altered, thus providing 
a means of trying the effect of fixing and releasing various parameters. 
Impose scatter on data - ‘SCI1 ~  This instruction imposes a scatter 
on simulated date*, in order that it may more closely resemble experimental 
data* Values of the standard deviation of the scatter and the scaling 
factor are given as dat&j , (the random numbers generated have a median 
of zero)
A,3.b Main Calculation and Array Handling
, An 'MD* instruction causes entry to the main calculation section 
A subroutine CHh’CKhPACS is called to ensure that sufficient storage 
space for the proposed operation exists. Parameters which are to be 
iterated are placed in an array for input to the optimisation routine.
This array is scaled and the optimisation routine entered. On exit from 
the optimisation routine the main parameter array is updated with respect 
to the iterated parameters. The parameters are then rescaled to the original 
problem dimensions. The residues of the/,<aj^ctrum are then calculated 
and the output subroutine LPOUT is called. Data is written to the plotting 
tape if a graph plot is required and the program control is returned to 
the instruction reading section after resetting various parameters.
A,3«e Synthesizing Routine SYMH Peaks and SYiiLOG Peaks
The purpose of these routines is to synthesize multiple peak spectra
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from given parameters to provide data both for program checking and 
comparison with experimental data.
Both routines are similar in form and differ only in the method 
used to calculate the function value. Temperatures are calculated from 
a given initial point at given intervals. Hyperbolic secant peaks are 
calculated for each set of three parameters and are added into a data 
array. To prevent overflow occuring at small amplitudes, values of hyper­
bolic secant greater tha/t 50 are set equal to zero* Lognormal peaks are 
calculated by integration using a subroutine FUHG to calculate the 
function value. Pinal values of relaxation amplitude, inverse temperature 
and temperature are printed out by the subroutine.
A.J.d. Subroutine CALFUN
This subroutine is used by the main optimisation routine to calculate 
function values and derivatives. In a program of this type it is necessary 
to provide means to inform the subroutine which functional representation 
is being used, and which parameters are being iterated. This information 
is provided by indicators and arrays held-in common with CONTROL.
On entry the subroutine updates the parameter array and then 
transfers to the indicated section to calculate function values for 
hyperbolic secant or lognormal representation with or without an additional 
exponential background.
A.3#e Subroutine Peak
This subroutine uses a linear least squares method to solve for 
the linear parameter of the relaxation expression i.e. the amplitude.
Thih solution is applied in two ways* firstly using a single cycle only 
to obtain approximate amplitude values for an unknown spectrum, and secondly 
with iteration to minimise the number of peaks in a spectrum. Common 
indicators are again used to determine the type of basic function used.
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A.3.f Subroutine VA05A
This subroutine is the main optimisation routine and is a slightly 
modified version of Harwell subroutine VAQ6A. This modification consists 
of optional restrictions on the exit conditions of the routine. It . 
was found in practice that the normal exit conditions of the routine 
were satisfied before the required solution was approached; by restricting 
the exit to .just a tolerance value it was found that a near optimum 
solution could be obtained.
A.3.g Subroutine HBIIA
MBIIA is used by VAQ£A to invert the normal equations matrix•
The version used except for modifications required by ICn 1900 FOHTKAN 
is similar to the Harwell versions.
A.5*h .. Subroutine KAI4A
MAI4A calculated the solution of M linear equations the first 
of which are satisfied exactly (constraint equations) and the rest in 
the least squares sense. I am indebted to Hr. K. Fielding of the University 
of Surrey computor unit for the provision of a tested XCL subroutine 
FPIPRGDD modified to compile in 64 K.
A.3.i. Subroutine Rescale
In linear optimisation problems using subroutines such as 
VAOSA, scaling of the data to give each parameter an equal magnitude is 
often necessary to produce a solution. Rescale examines the parameters 
and data and chooses a scaling factor which makes the magnitude of each 
parameter lie between 10 and 100* Subroutine doncmle usee information- 
from rescale to reset the parameter scales after exit from the optimisation 
routine.
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APPENDIX IV
This section contains output from a test run of the general purpose 
peak analysis program. The parameters from which the test data was 
synthesised represent peaks lying in the oxygen and nitrogen snoek peak 
range in niobium. The following output was photocopied at x5 reduction 
from the line printer output produced during the run. It shows the 
stages of convergence of the iteration which finally arrives at a result 
very near the original parameter values from which the data was synthe­
sized. The starting values for the iteration were about 20/^  different 
from these.
DOCUMENT LOlG 
SSp 
R N p
ARAHETERS
NORM[LOJO I LPOD ON U7/0//72 AT 09.23
rT"?0LL0WJN6 A PARAMETER INDICATES Th AT IT HAS BEEN SELECTED fOR ITERATION AN -f- That IT IS fI*ED
1 0,11 0 0 F 00 f
5 0.4UO0E o5 *
9 -, AiOuE 02 f
END
2 O.JuOilE 05 f
6 -,35r>i>E 02 f
-, 3000E 02 
0.56ooE»01
A 0.2200E-01 t 
8 0«550Ue 0* r
VALUES OF SYNTHESIZED DATA
REl.AMP.
0,784TA0E-02 
0.942245E-02 
C.11?°61E-01 
0,153108E-01 
0.161204E-01 
0.19TA4RE-01 
0.22767SE-OV 
0.2A9J5?E-uI 
0,3175201-01 
0. J7Z77M-01 
0.4334bTE-01 • 
0.5o57J2E-01 
C.5*3061f-01 
0.6A9271E-01 
0. '5315U-01 
0,o4029«t-0V 
0,9 2310 21-01 
0,9«6fl43l-0l 
'0.1C3U7E 00 
0,10900?E 00 
0,1 1030?E 00 
0,10915AE 00 
0.1057P3E 00 
0, 10033ft£ 00 
V.V4016AE-01 
0 . 6675 Z ''k-ul 
0,79174 1l»u1 
0, 716/691.01 
0.64SJ5U-01 
0.57915SE-01 
C,5l9i?ofc-01 
0.4AS«19E-o1 
0.419164C-01
0,37vnSnL-01 
0, H5204E-01- 
0,,*1 731 36-01 
0.£9S05Sf«01 
0,2?612p L-01 
0.26*23*6-01 
•'0,25910/1-01 
C.25»4/2E-i»1 
t, /i/Poil-nl 
v . /*/ 75 -i)1
INV.TEMP, 
0.111111E-02 
110497E-02 
109R90E-02 
109290E-02 
10«696E-02 
1081 !)8E-02 
10 75? 7E-02 
1y69b2L-02 
1063HJt-02 
105820E-02 
105763C-02 
104/12E-02 
1041A7E-i,2 
103P27E-02 
103093F-02 
1025p4E-02 
10204H-02 
101323E-02 
101010E-O2 
100303E-02 
1000001-02 
995025E-03 
990099C-03 
985272E-03 
980JR2E-03 
975610E-03 
9708746-0396A184E-P3
Ooi53dt-(»3 
956938E-03 
9523M1E-03 
9*78676-03 
9 433q AE-0 3 
9J69*7£-P3 
9J4579E-03 
9302331-03 
92597AE-03 
921659E-n3 
91 743U-OJ 
913242E-OJ 
9o9«)9rt-o3
9 .14V7/L-MJ
ROoviM f -it* 
,, i . . i
tem p e r a t u r e 
O.900000E 03 
0.905000E 03 
0.910000E 03 
0.91500'JE 03 
0.970O00E 03 
0.9/500OE 03 
C.930000E 03 
O.935O0PE 03 
0.940000E 03 
0.945000E 03 
0,95 OP DOE 03 
0.955000E 03 
0.96O000E 03 
0.96500*6 03 
0.97000OE 03 
0,973POOL 03 
0.9ROOOOE 03 
9 85 OOOE 03 
99oPo0E 03 
995000E 03 
100000E 04 
100500E 04 
101OOOE 04 
0,101500E 04 
0,102000E 04 
0.102500E 04 
0.103000E 04 
0, 103500? 1)4 
0.10400*6 04 
0.1'• 4500E 04 
0,1OSOOOE 04 
0.1355001 04 
0.106000E 04 
0,10*5006 04 
0,1070006 04 
0 ,107500k 04 
0,108POPE 04 
0.1085006 04 
U.1*9000? 04 
0,1*95006 04 
0.110DOPE 04 
0 ,111*5OOE 04 
1110*06 04
REL.AMP.
0.859826E-02 
0.103198E-01 
0.123576E-01 
0.1476276-01 
0.175920E-01 
0.209072E-01
7477.41 E-01 
0.29 259 OE-01 
0.344239E-01 
U.403185E-01 
0.469681E-01 
5435656-01 
6240436-01 
7094366-01 
796953E-01 
8825726-01 
9611706-01 
102700E 00 
1074556 00 
109962E 00 
11002AE 00 1077206 00 
103360E 00 
9 74260E-01 
0.906599E-01 
0.8297416-01 
0,733?7oE-01 
0,A8O5O2E-01 
0.6115226-01 
0,5483496-01 
0.491655E-01 
0.441661E-01 
0,39ft305E-01 
3*13626-01 
330534E-01 
3034996-01 
285942E-01 
2/15*96-01 
2620966-01 
7572306*01 
736632E-01 
2598706-01 
2643626-01-/*»Mi» -* 1
INV.TEMP.- .
-0.110803E-02 
Q.110193E-02 - 
0,109589£-02 ‘
0.108992E-02 
0.108401E-02 ’
• 0.1O7817E-02 - 
0.107239E-02
0.1066&7E-02 
0.106101E-02 
0•10554iE-02 
0.104987E-02 
0.1 p44J9E-{»2 
0.1O3896E-O2 
0.103359C-02 
0.102828E-02 
0. 1023026-02 
0.1PV?81E-o2 
0.1p1;:O6e-02 
0,1007566-02 
0.100231E-02 
0.99/506E-03 
0.992536E-03
• 0,9876546-03 ; “ 
0,9828016-03 - 
0,97799 5 E-U3 
0.9737361-03 -
0.968523E-03 
0.903855E-03 
0.959233E-03 •
0.954A54E-03 
0.°501l9E-o3 
0.945426E-03 - 
0.941176E-03 
0.936768E-03 
0.9324O1E-03 -
0,92fep74E-o3 
0.923788E-03
0.9195406-03 
0.915332E-03 
0*9111626-1)3 
0.9n7fi29E-o3 
0.9O29 35E-03 
0 , 898876E-()3
_P;.?°.A-*’ A}..
University o
' __. -___C_pnT|j>uti
TEMPERATURE 
0.902500E 03
- 0.907500E 03 ;
0.9125006 03 !
0,917500E 03 '
0.922500E 03
0.927500E 03 
0.932500E 03 ■
* 0.937500E 03 !
0.942500^ 03 j
0,947500^ 03 I
• 0.952500E 03
0.957500E 03 
0.962500^ 03 
0.967500E 03 !
0.9725006 03 
0.977500E 03 
0.9625006 03 
0.9875006 03 ;
0.9925006 03 
0.9975006 03 
0.1002506 04 j
0.1007506 04
- 0.1012506 04 
-0.1017S06 04
0.1022506 04 
-- 0.1027506 04 !
0.<032506 04 ,
0. 1037.506 04
0.104250E 04 J
0.1047506 04 
0.1052506 04 
0.<037506 04 
0.1 06.25OE 04 
-0.1067506 04 
'0.1072506 04 
0,1077506 04 
0.1082506 04 
0.1037506 04 
0.109 2506 04 
0.1097506 04 
0.11O2506 04 
0.1107506 04 
0. 11 12506 04 .r> « 1 1 7N Pf P4
At the top of the output are the instructions to synthesise
data , followed byparameter values for the synthesis.
The table is the synthesised data.
it, /<'•*44/. 
-I. 2'"1
0.30*.
0.311)9 2 A 
0.31
0.32248-, 
y,3249ei 
0. 42*337
0.39461? 
0.4?632« 
0 , 463*89 
0,50448* 
0, 5450V? 
0,560*2? 
0,6*565 3 
0,615513 
0.80/706 
0.582727 
0,54377? 
0.49559* 
0.443*5? 
n,390214 
0.3 39 7.04 
0.29372? 
0.252460 
0.21*274 
0, 18487^ 
0.157874 
0.134776 
0,115 r, 8 f i
0.9*3164 
0,84068.4 
0,719565 
0,616597 
0.529011 
0,454451 
0.390915 
0,336723
0,141 59 f.
o!«17165 
0,714715 
0,6259/2 
0,549001 
US® 
ASP 
PNP
ARAM£T£RS
F-l»1 0 09 2*5/6-0 3 0 1 1 7 0 0 U 04 0 /O'J/1'?'.-01 0, * V -03 -0.112/50*
E - U 1 0 t) 11 2*tO*E 04 0 296597F -01 0, 8869 1 f,E-(ti 0.112/5*6
fc-01 0 88 4? 566-*3 0 1130006 04 0 30*5741 -01 0.8«3nu2E-u3 0.V1 3250E
E-01 0 83io5/C-o3 0 1 1 3 5 0 0 E 04 0 3147 J?E 01 0•879121c-o3 0.11375oE
E-01 0 8/7193E-03 0 114*0*6 04 0 320S07F 01 0.875274E-03 *.11425oE
f-01 * 8733*2£-03 0 1 1 4 5 0 ft E 04 0 3239356 01 0,87146*6-03 0. 1 1 4 7 5 0 E
1-01 0 8695656-03 0 115000E 04 0 3257056 01 0.8*76796-03 0 .1 1 5 2 5 0 F
E-01 0 8658*16-03 0 11ssoot 04 0 32 7ft 4 7E 01 0.8639316-03' . p. 1.1 5750*
E-01 0 862049E-03 0 11 6 p 0 01 04 0 3 2 9 5 2 3 E 01 0.8*0215E-03 0. 1 1/-250F
e-01 0 853j;69 E-0 3 0 1 1650*6 04 0 33t784E 01 - 0.*565316-03 0.1 1 6 7 5 0 E
t-01 0 854/01E-03 0 11700*E 04 0 ■3 A 4 3 7 3 E 01 0.8528786-03 0,11725*F
E-01 0 85lo6 4£-*3 0 1 1 7 5 0 0 E 04 0 35VS66E 01 0.8492576-03 Q.117750E
f-01 0 847458E-03 - 0 11*0006 04 0 .381 234E 01 0.8456*66-03 0,118?5oF
E-01 0 8438*24-03 0 11 8 5') 01 04 0 409679E 01 0.84210 5E-03 0.118/5qE
E-01 0 8403366-03 0 1 19000E 04 0 4444096 01 0.838574E-03 O.H92 5o E
t-01 0 8368206-03 0 11950*6 04 0 4838516 01 0.835073E-03 0,11q 750E
4-01 0 8333J3E-03 0 1 2 0 0 0 f 1E 04 0 525094C 01 0.8 31**16-03 0. 1 2025(iE
E-01 0 829876r-ft3 ft 120500E 04 0 563831E 01 0.8?8l57e-03 0.120750E
£-01 0 826446E-03 0 121OOOE 04 • 0 S94777E 01 0.8247426-03 0.121250E
E-01 0 8230456-03 0 121500E 04 0 6127006 01 0,8213556-03 0,12175OF
E-01 0 8l9h?2E-o3 0 12 200*E 04 0 613859E 01 0.81/9966-03 0.127250E
e-01 o 8163276-03 0 122500E 04 0 597216E 01 0.814A64E-03 - 0.122750F
t-01 0 813008E-03 0 123000E 04 0 56472PE 01 0.811359E-03 0.12325o F
E-01 0 809/17E-03 0 123500E 04 0 5205266 01 0,8o8t,8l E-03 , 0.12J750E
E-01 0 806452E-03 0 124*006 04 0 469 59 26 01 0.8048296-03 0.124250E
E-01 0 8Q3213E-03 • 0 1 2 4 5 0 0 E 04 0 41*4706 01 ■ 0,80160 3E-03 0.124750E
£-01 0 800000E-03 0 125*0*6 04 0 3*46096 01 0.798403E-03 0. 1 2525 OF
E-01 0 796813E-03 0 125S0OE 04 0 31*2246 01 0.795229E-03 0.1257S0E
E-01 0 793651E-03 0 1260 00 E 04 • 0 2724716 01 0.7920796-03 0.1262 50 F
£-01 0 790514E-03 0 12650PE 04 0 233755E 01 0.7H8955E-03 O.1267S0E
t-01 0 78?4o2£-*3 0 12/00*6 04 0 1999986 01 0.785855E-03 0.12725o F
£-01 0 784314E-03 0 1 2 7500t 04 0 1/085BE 01 0. 7827/VE-03 0.127750e
E-01 0 781250E-03 0 128P0OE 04 0 145670E 01 0.779727E-03 0.128250F
E-01 0 77*2106-03 0 128500E 04 0 124533E 01 0.7766V96-03 0.128750F
E-01 0 7751V4L-03 0 129000E 04 0 10*3606 01 0.773*946-03 0.129250F
t-02 0 7722016-03 0 12950*6 04 0 91)9 0 41 F 02 0.7707136-03 0.129750F
E-02 0 769231E-03 0 13000OE 04 0 7/76*56 02 0.76/7546-03 0.130250F
E-02 0 766284E-03 0 130500E 04 0 665?' 56 02 0, 7*4818E-o3 0, 1 30 750e
E-l)2 0 763359E-03 0 131Q00E 04 0 5 710386 02 0.76l9o5E-o3 0.13125q E
t-u2 0 7b045*E-o3 0 131S0*E 04 0 4902366 02 0.759*136-03 0.131 75i»F
6-02 0 7575766-03 0 1 3 2 0 0 O t' 04 0 4214186 02 O'. 75*1 *4E-o3 0.13225*E
E-02 ft 754/17C-o3 0 13250OE 04 0 36274BE 02 0.753296E-o3 0.1 32 75ftF
E-02 0 7518K0L-03 . 0 1330*06 *4 0 3126726 02 0.7504*96-03 0.133250F
E-02 ft 749064F-03 0 1 3 3 5 0 0 E 04 0 ?*9 8816 02 0,7476*46-03 0.133750E
t-02 0 746269E-03 0 13400*E 04 0 2332706 02 0,7448796-03 0.134250E
E-02 0 743494E-U3 0 134500E 04 • - 0 2019076 02 0,742115E-03 - 0.1347506
t-02 0 740741E-03 0 135000E 04 0 175*056 02 0.739372E-03 0.1352506
t — (i 2 0 738007E-03 0 1355006 04 0 151899E 02 0.736*486-03 O.135750E
t-02 r> 735294E-03 0 136000E 04 0 1320286 02 0,7339^56-03 0.13*2S0£
E-o2 0 7J2A01E-03 0 1 3 4 5 0 0 E 04 0 1149166 02 0.7312616-03 0.1367506
t-02 0 729v27t-oJ 0 13/00*E (•A 0 1001*16 02 0.7285V7E-03 0 1372506
t -03 0 7272/3E-0S 0 137500E 04 0 8/42256 03 0.72595 36-03 0.1J/750F
E -03 0 724638E-03 ■ 0 13P000E 04 0 7640946 03 0.723327E.03 0*13825o F
E-o3 0 722022E-03 .0 13850*6 04 0 6687506 03 0,7207216-03 0‘13«750F
E-03 0 719424E-03 0 139000E 04 ■ 0 5*61246 03 0,7181336-03 0.139250F
E-03 0 ?16846E-03 0 139500E 04 0 5144066 03 0,7155*46.03 0,13975QE
llfc
04
04
*4
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04 '
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
04T ‘
04,;.,,
-t-followjng a parameter indicates that jt has been Sel e c t e d for iteratio n an that it js fixed
1 0,1000? oo T
5 0.3500E *5 T
9 «,4000 6 02 T
EkO
2 0.3G0QF 05 T
6 -,31*0E 02 T
3 -.2900E 02 T 
7 0.6000E-01 T
4 0.20006*01 T 
8 0.5000E 05 T
The data table is continued here.
The instructions are to analyse data. 
The parameters are those for ' iteration.
THE FOLLOWING OUTPUT IS PROVJOED DY SUBROUTINE VA05 A
THE BEST ESTIMATE AFTER 1 CALLS OF CALFUN IS
Iliiv !•; >’i Si.' i
_Co-Mji»iSii'j . Unit
Ml) I X < I > I X<!)
1 0.12752181F OS 2 O.6O0OOOOOE 02 3 -0.290QO000E 02 A
6 -O,31OQ0I>OOf 02 7 0.765l3o83E 02 8 0.10000000E 03 9
THE SUM OF SQUARES IS 0.19521231E 06
X(l>
0.25504361E 02 
•0,40000000C 02
X C I >
0,70000000* 02
F(I) F(I> F < I > F (I)
1 0 66U3039IF 01 2 0 72731918E 01 3 - 0 79680617E 01 4 0 87261242F 01 5
6 0 1U44/.U19F 02 7 0 11415107E 02 8 P 1 2 468269 E 02 9 0 13609263E 02 10
11 0 16)78539? 02 12 0 1761893 ?E 02 13 C 1917119?£ 02 14 0 20841021E 02 15
16 0 24556252F 0 2 17 0 26606172E 02 18 0 ?879?0»4E 02 - 19 0 311128026 02 20
21 0 36i5nl84E 02 22 0 38*548236 02 23 0 4166871?E 02 24 0 643745366 02 25
26 0 5056*941E 02 27 0 53572388E 02 28 0 56535820E 02 29 0 5939464QE 02 ‘ 30
31 0 64525429c 02 32 0 66639441E 02 33 0 68335893£ 02 34 0 69S225?7E 02 35
36 0 7000 l6V7p 02 37 0 69l339V3E 02 38 0 674361B4E 02 39 0 648680A4E r 2 40
41 0 57T76574F 02 42 0 51900*566 02 43 0 45951660E 02 44 0 39322929E 02 45
46 0 245148006 0 2 47 0 16620421E 02 48 0 86047063E 01 49 0 62213131E 00 so
51 -0 1465056CE 02 32 -0 21679835E 02 53 -0 28160786E 02 54 -0 340131146 02 55
56 -0 43420:58r 02 57 -0 47350952E 02 58 -0 50355055E 02 59 -0 52670168E 02 60
-1 -0 5541 Ai70F 02 62 -0 550575H8E 02 63 -0 560321«4E 02 64 -0 55703481E 02 65
66 -0 54087J34F 02 67 -0 32915756E 02 68 -0 5i57/)4l9E 02 69 -0 50095363E 02 70
71 -0 46901615c 02 72 "0 45240323E 02 73 -0 435667506 02 74 -0 418VS065E 02 75
76 -0 3*599411f 02 77 -0 369H6052E 02 78 -0 353972126 02 79 -0 33830575E 02 80
61 -0 3074?.977f 02 82 -0 29?i0194E 02, 83 -0 276720496 02 84 -0 26121285E 02 85
66 -0 ?235?5S9c 02 87 -0 21 3 2 3 8 0 O E 02 88 "0 T9662119E 02 r>9 -0 179687joE 02 90
91 -0 1 4 *>08569 £ 02 92 "0 127*097 7E 02 93 -0 11019221E 02 94 -0 9298R312E 01 95
96 *0 5986 2*01E 01 97 »0 44234931E 01 98 «*0 29384936E 01 99 -0 15 3836 78E 01 100
101 0 1000AV56E 01 102 0 21467631E 01 103 0 37225195E 01 104 0 424044716 01 105
106 0 61634983E 01 107 0 7102O?2?E 01 108 0 81)4688446 01 109 0 901J8142E 01 110
111 c 11 r> 6 7 4 4 8 F 02 112 0 121/48*ftE 02 113 0 13344545E 02 114 0 14577852E 02 115
116 0 17214907? 02 117 0 185V7470E 0? 118 0 199791166 02 119 0 21340922E 02 120
121 0 4r38039o0E 02 122" 0 2478644OE 02 123 0 755086576 02 124 0 2589)7S6E 02 125
126 0 2532?489r 0 2 127 0 24??7376E 02 128 0 ??5?1324C 02 129 0 201798566 02 130
131 0 13641446? 02 132 0 y5*9ollOF 01 133 0 50293310E 01 134 0 20074380E 00 135
136 .0 96324/08? 01 137 -0 14754315e 02 138 -0 19435513E 02 139 -0 23761889E 02 140
141 -0 31 0 0 3 7 5 3 E 02 142 -0 >3806451E 02 143 -0 36037*211 £ 02 144 -0 376V5197E 02 145
1 66 -0 39412167E 02 147 • 0 395615fc5E 02 148 -0 3931P243E 02 149 -0 3872<1S?E 02 150
151 -0 3*766053? 02 152 • 0 35505928E 02 153 -0 3412101 IE 02 154 -0 32652294E 02 155
156 -0 29594740* 02 157 -0 2805 7440E 02 158 -0 265 40 4486 02 159 -0 250578981 0? 160
1*1 -0 227354*4? 02 16? -0 i!0*'i>84l 36 0; 163 .0 1964?S58C 02 164 .0 18438y52E 02 16S
166 -0 1*720730? 02 167 >0 15204106E Pi 168 - 0 142469366 02 169 -0 133470651 02 .1 70
T 71 -0 11 7i'c464r 02 172 -(> 10*5665466 02 173 -0 1O270688E 02 174 -0 96lV2569t 01 175
176 -0 64394406E 01 177 7*0 790616O4E 01 178 *0 740751486 01 179 -0 69413164E 0'1 180
1 81 -0 6 0 5 8 O 5 4 3 F 01 18? -1) 57171713E 01 183 • 0 53610906E 01 184 -0 50261754E 01 185
186 -0 44?579«SE 01 167 *0 415355466 01 188 -0 58989029E 01 189 -0 3660669 46 01 190
191 *0 32791495E 01 192 -0 10338883E 01 193 -0 2851 f>866£ 01 194 *0 267991616 01 195
196 -0 23694333E 01 197 *0 222873111 01 198 «0 20968735E 01 199 *0 19732783E 01 200
M I)
0.95494606E 01 
0,148440156 02 
0,22*33801E 02 
0,335689166 02 
0^<,754,8601 E 02 
0*6208?847E 02 
0 7C107A73E 02 
0,61411750E 02 
0, 3213201 1E 02 
•O.71757026E 01 
-0.39160277E 02 
-0,5433?7o5E 02 
"0,>50351o*E 02 
-0.4B528481E 02 
-p.4021*9186 02
■ 0. 32261595E.-02 
-P.245502476 02 
-0.1 6?A'821 2E 02 
-0. 7«>1 59 6561 01 
-0.225V1899E 00
0.5?15421 BE 01 
0, 10016752E 02 
0.158711A7E 02 
0, 22633954E 02 
0.25855242E 02 
0,1720768QE 02 
-0, 4800*30 4E 01 
-0, 2764**70PE 02
.0,58*0*9346 02
■ 01378507386 02 
-0,* 31 1340536 02 
.0*236201716 02 
,0 'l7?95S9?t 02 
.0*125020926 02 
• O*90O9<s7p 3€ 01 
.0**50548526 01 
-0*47168905E 01 
.0 343775896 01 
-0*251960A8E 01 
•o)18S74C28C 01
THE BEST ESTIMATE AFTER U C aLLS OF CAlfUN IS
V < I > ! X(l> I xcn
1 0.12751959F 03 2 P.59639091E 02 3 -0.297402056 02 A
6 -0,30?27384F 02 7 0./6510266E 02 8 0.99V?4357E 02 9
THE SUM OF SQUARES IS O.304352O4E 05
X(1> 
0,255013896 02
*0,A019o7A2E 02
X < I >
0,70033711E 02
The first and eleventh iteration cycles,note thedecrease
in the sum of squares
T H E  B E S T '  E S T j » ' A T E  A F " I ; R  21  C A L L S  O F  C A L  F U N  J S
I
1
6
IV
16
21
26
31
36
41
46
51
56
61
06
71
76
81
86
V1
96
101
106
111
116
121
126
131
136
141
146
151
156
161
166
171
176
181
186
191
196
X <! >
0.13*»45669e 03 
■0,31349447c 0?
X<I>
0•53?14761E 02 
0,7486u 167E 02
THE SOH OF SQUARES !S 0.2°259oi3E 04
X<1)
-0.29146310E 02 
0.103658H6E 03
f(I)
-0,58315252? 00 
-0,*A?4?704? 00 
-0,9455859*E O0 
-0,873S5901E 00 
-0, 39o8l'*84? 00 
0, *945.366o E 00 0,33783943? 01 
0,6/931617? 01 
0,95792714? 01 
0,96544974? 01
0,7947?V63E 01 
0,52181?60F 01 
0,26547771? 01 
0 , 54756721E 00 
.0,11351256E 01 
-0,?3*75584E 01 
-0 , 29225363? 01 
-0,23165884?. 01 
-O,20!)72428? 00
0,24177741? 01 
0,39ftln/76? 01 
0,36<-'3t'2O6E 01 
O.21450683E 01 
0,72,164503? 00 
.0,19134077? O0 
-0,111*'>h96? 01 
-0,31757160E 01 
-O,54A22340F 01 
-0,64567O06E 01 
-C,6u)3’7423E 01 
-0,4V535479? 01 
-0,36'.2?963E 01 -0,2VJ4294or 01 
-0,22<i4rl72F 01 
-0,16403944? 01 
-0,12'2p376F 01 
-0,922097C3E 00 
.0,6V1»98J3E 00
-0,52p9n'/27? 00
•0,39376094E 00
1 ?(I)
2 -0, /1 7i?5?1 oE 00
7 ^of67ftl6?94E 00
12 -o)95n6635SE CO
17 -0,*2014257E 00
22 -0,21789971E 00
27 0,12861109E 01
32 0,40185656E 01
37 0.746496H8E 01
42 0,98145229E 01
47 0 96108240E 01
52 0.74735W32E 01
57 0,46751318? 01
62 0.21949950E 01
67 0.173«5105E 00
72 *0,14705814E 01
77 -0.25454058E 01
8? -0.7911579 4?. 01
87 -0,20164491E 01
92 0.2/759111E no-
97 0, 2*685316E 01
102 ’ 0.403220‘,OE 01 
107 0,336189 60? 01
1 12 0,18392386E 01
117 0 496183*5E 00
122 -0]337157*46 00
127 -1), 1 41 5646/E 01
li2 -0,361527/4? 01 
137 - 0, 5 01 70204? f.1
142 -0,6454840 06 01
147 -0,5*17< *916 01
152 -0.47282064E 01
157 *0,366107026 01
162 -0.27/27545E 01
167 *0,20*90228? 01
172 -0,15551108E 01
177 -0,11624839E 01
182 -0,870 418036 00
187 -0,65 ;>232iiE 00
1V2 *0,49?37995E 00 
197 -0,37244841 £ 00
F < I >
3 -0,74°1n810E 00
8 -0 , 89 Si8586E 00
13 *o|94//1181E 00
18 -0.74822962E 00
23 0,75541190E-C3
28 0.17335175E 01
33 0,46928184E 01
38 0,8p919823E 01
43 0,°989?015E 01
68 O,92«5?506E 01
53 0,68801342E 01
58 o ,4145o255E 01
63 0,175424896 01
68 -0,1 78081 65E 0.0
73 -0 1088p9?4E 01
78 -0,?69?A373E 01
83 -o ’.78493142E 01
88 *0,16556461? 01
93 0,«3080246E 00
98 0.32564626E 01
103 C. 4024J»658E 01 
108 0,3&861576E 01’
113 0,153282H7E 01
116 0,29575813E 00
123 -0,49i)6862 7? 00
1?8 *0|17699971? 01
133 -0,4144?43SE 01
138 -0,60rf2l//4E 01
143 -0,64008466? 01
148 -0,5614?622E 01
153 -0.450475846 01
158 -0,34673991E 01
163 -0,P6191S72E 01
168 -0,196275676 01
173 -o ,1467i o31E 01
178 -0,10969317? 01
183 -0,8217?655E 00
188 -0.61/36254E 00
193 -0,465489136 00
198 *0,352404506 00
I X (I >
4 0.24493311E 02
9 -0.42346620E 02
T F < I >
4 -0, 781 17458E >0
9 -o'9l672l59E 00
14 -o|93513477C OO
10 *0)65489640? 00
24 0)25405617 E 00
29 0,223142516 01
34 0,538979786 7)1
30 0) 8655 78.1 3C 01
44 0 10051674? 02
49 0*889066746 01
54 o)63?63662E 01
59 0,36305137? 01
64 0.13322370E 01
69 -0.513537346 00
74 -0,193636646 01
79 -0)28090445E 01
8 4 - 0  27J15166? 01 
89 -0,12379656? 01
94 0.13830078E 01
99 C*35720011E 01
104 0) 39453172E M
109 0 27*685916 01
114 0 12415394E 01
119 0,117531726 00
124 -0*661884666 00
129 -0)21786198? 01
134 -0. 46 351 362?.01.130 -0 62/56/366 01
144 -0)6 302 5591E 01
149 -0,53998605? 01
154 -0.42850640? 01
159 -0.3*816171? 01
164 *0.2473321/? 01
169 -0 185192626 01
174 -0’.1 3*40969E 01
179 -0 10 3515646 01
184 *0.775050066'00
189 -0,583286676 00
194 -o)44013854E 00
199 *0)333498186 00
5 -
10 
15 
20 
25 
SO 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
9 0 
9 !i 
100 
105 
110 
115 
120 
125 
1 30 
135 
140 
145 
150 
155 
160 
165 
1 70 
175 
180 
185 
190 
195 
200
X(i)
0.71030534E 02
?<!>
0# 81?641R8E 00 
.O*93306966E 00 
■ 0* 91111*847E 00 
-0*53092748? 00 
0*55081849? 00 
0 * 2/8 0 7 810 E 01 
0 *609 519 79E 01 
0)V1S9 5626E 01 
0*10004016? 02 
0*844035946 01 
0*57/021*0E 01 
0*313339426 01 
0,928519366 00 
*o)03201039? 00
-0 210361266 01 
-o)28 8679 34E 01 
-0*25547115E 01 
.0* 76 9 89 50.1 ?'00 
0*19175027E 01 
"0) 38078302E. .01 
0* 3801*1 38? 01 
0*24735760? 01 
0 y6981644? 00 
-0)4 26011756-01 
-0 * 86*869.09 E 00 
-0) 26 3 4037.7? 01 
-0*50*405356 01 
-0*03990/00? 01 
-0*01A/74P6E 01 
-0*517841676 01 
-0*,407u5538E 01 
-0 3105S989E 01 
-0*23350259? 01 
-0 17477366? 01 
-o)l3058269C 01 
-0*9 7694574? 00 
-0*73262540? 00 
-0*55117332? 00 
-o)41023757? 00 
•0)31500207? 00
THE BEST ESTIMATE AFTER 31 CALLS OF CALF«N IS
7(1 >
0 ,l3r-45'758F 03 
-0,313454677 02
X < I >
0.5B2242P6E 02 
0.74H79157E 02
THE SUM OF SQUARES IS 0.2*3131956 04
X < I >
-0.29128584? 02 
0.10365763E 03
I X < I >
4 0,24494342? 02
9 -0.42343803? 02
1 X< I
5 0.71019195? 02
The 21^ 31^ • / iteration cycles ,note. the changes in the 
parameter values and the further decrease in the sum of squares
T « E  3* S t  fcST j n A T E  A F T E R  81C A U S  O F  C A l F U h  J S
! X < I > I xu> 1 X(l> I XU) t XU)
1 0 14*16853? 03 2 0 62462542E 02 3 -0 .312477I3E 02 6 0 33101112E 02 s 0.57922688E 02
6 -0 23044179 E 02 7 0 63136640E 02 ft 0 1286ftJ84E 03 0 rO .52414109E 02
THE SUM OF SQUARES is 0.2Q283?OOE 03
J fl)> I Ml) J F < I > I Fit) I F(l)
1 f, 1u7A?l)35F 01 2 0 1('H7®164E 01 3 0 1 1 5i 3335E 01 4 0 12162043F 01 5 0. 1?ft2?1«2E 01
A 0 134dOV45F 01 7 n 14160 75VE 01 8 0 1 4829 0 73L: 01 9 0 15466440? 01 10 0.16131192E 01
11 0 1674 4403? 01 12 0 17*297446 01 13 0 17863325E 01 14 0 18 5355ft® £ 01 13 0,l67311®eE 01
U 0 1®o3?9235 01 17 0 19?21701E 01 1« 0 19776610E 01 19 0 19175084e 01 20 ,0,1ftt‘®32?3E 01
21 0 1 8406327F 01 22 0 17o 8®652E 01 23 0 16710513E 01 24 0 15474717E 01 2 5 0,13®3ft400? 01
26 0 1210H237F 01 27 0 9V591772E 00 28 0 7525F.126E 00 2® 0 48259303E 00 30 0,1 9 0 24676F 00
31 .0 117.2 3636? 00 32 -0 434649V3E 00 33 -0 74H91261E 00 34 -0 104V3974E 01 35 -0,1 323502 0 E 01
36 -0 15364505F 01 37 -0 17622714E 01 38 -0 18668314E 01 39 • 0 19189310E 01 40 -0.190Qft®46E 01
41 -0 16112246? 01 42 -0 1 6 5 4 519 7 F 01 43 -0 1639?o35E 01 44 -0 1176565 3F 01 45 -0. 679950®1E 00
46 • 0 56*55037? 00 47 «0 24133622E 00 48 0 73736348E-•01 49 0 370389*61 00 50 0,64021 7® 4E 00
31 0 6 759 6106 F 00 52 0 10733251E 01 53 0 12299629E 01 54 0 13432823E 01 55 0,1 4 200161E 01
36 0 145607-?2f 01 57 0 145^12v 3e 01 58 0 14233949E 01 59 0 13^13915t 01 60 0,12737900E 01
61 c 114426'i?? 01 62 0 10365270E 01 63 0 89403814E 00 64 0 74021668F 00 65 0,57831!®4E 00
66 0 411 4 .■ 1 31 F 00 67 0 24253577E 00 6ft 0 76552687£■■01 6® • 0 8V7®9119 E-01 70 -0,2477V2®0E 00
71 .0 3V677747E 00 72 -0 5341464 3C 00 73 -0 6573347OE 00 74 rO 7638246OE 00 75 •0.83116J54E 00
76 • 0 91s9o560F 00 77 x 0 V5911OftRfc 00 78 -0 97551003? 00 79 -0 96449456k 00 60 -0,®2477fc®3E 00
61 -0 ft 5 5 6 0 2 2 4 E 00 82 X (.1 754919 H8E 00 83 •0 42®5?®97E no 84 -0 47526664? AO 85 -f . 2971 6295E 00
66 • 0 vvsvsnor •01 87 0 11143323E 00 8ft 0 32V25232E 00 89 0 54463272E 00 ®0 0,74799473E 00
VI 0 9?57/9T4r 00 92 0 107613i9E 01 93 0 11798226E 01 94 0 12305253E 01 ®5 0.12211370E 01
9 6 0 11 67 *vj32f 01 97 n 10 0 P. 1 i) 4 H E 01 Oft 0 fiOo4<*948E no 99 0 54929027F 00 100 0,24721V4SE 00
101 -0 •01 102 -0 63X56204E 00 103 -0 77H05W2E 00 104 • 0 11010217E 01 105 • 0 i 1 3 8 4 6 8 ® 0 £ 01
106 • 0 16124005F 01 107 •it 17713 R14 E 01 108 •0 1 ft 49 *637F. 01 10® rO 183903R6E 01 110 -0.17365642E 01
111 -0 13611606F 01 112 • 0 125775R6E 01 113 -0 8924227 OE 00 114 • 0 43ft6®453E nu 115 0 27ft®66ft8E -01
116 0 5472*762F 00 117 0 107534115E •01 118 0 15rt47443E 01 119 0 204526fi3F 01 120 o| 24232558E 01
121 0 269344/.8F 01 172 0 26215A66E 01 123 0 77H76365E 01 124 0 25767471E 01 125 0.21963204E 01
126 c 1M671V5F 01 1>7 0 V92V7257E 00 178 0 75275540E 00 12® -0 50625506k 00 130 -0,122J3V55E 01
131 -0 1C631 S'-AF 01 152 -0 ?37254.) 5E 01 133 -n 263&3436E 01 134 • 0 2 7786386k 01 135 -0.27 61px J5 E 01
136 -0 26'irf/.524F 01 137 -0 2 3 4 3 2 3 4 7 F. 01 1Jft • 0 203017*1? 01 139 -0 16716-J62F 01 140 -O.'l 305 3231 E 01
U 1 -0 93?7i,2 76F 00 142 "0 6 2 R H1; 0 0 6 F. 00 143 ”0 34294777c 00 144 -0 9V734374E-■01 145 0,9976.16 31 E'01
146 0 237**234f 00 147 0 37S454i)6E no 1 4ft 0 65«M6636E 00 14® 0 5l183651E 00 1 50 0,3x8ev?oo£ 00
131 0 344362®1F 00 132 0 33224017E 00 1 33 0 507»1o279£ 00 154 0 469,)V297F 00 155 0 , 42 3® 218® £ 00
136 0 372R0454? 00 137 0 31 79 6 4 8® E 00 158 0 26067567E 00 1 5® 0 20739790C 00 160 0,1441718JE 00
161 0 86ft4n®rt5r •01 16? 0 31o65«72E-f'1 163 -0 2764731OE-•01 164 -0 73921337F-•01 165 -0.12246A04E 00
166 -0 * 64* 3V46F 00 167 -0 ?1o831o5t JO 168 'II 25063204E 00 16® *0 237u15®6£ 00 1 70 -0.32053704E 00
1 71 -0 35113612? 00 1 ?2 -0 37884471E 00 173 -0 40377V45E 00 174 "0 4 < 60 5 7a8C 00 175 -0,44530262E 00
1 76 *0 46 *1 4430? 00 177 • 0 4 7^214®9 E 00 178 -.1 49114«16fc 00 179 xO 5021)7665? 00 1 6 0 -0 51113137k 00
181 -0 51 ':440 24f 00 182 xO 57412746E 00 163 -0 5r'83l 29* E 00 184 xO 531111 6 7E 00 1 85 -0,53263382k 00
166 • 0 53?V«415E 00 137 .0 5322621fl 00 188 "0 53036202E 00 18® *0 52797251E 00 190 • 0,52 43 7 7 2 4 E 00
1®1 *0 32145469E 00 192 n 0 51567834E 00 193 • 0 51031698E 00 194 -0 S0463464E oc 195 •0,49»0®101E 00
196 -0 49*34135e 00 197 • 0 4h/,23770E 00 198 • 0 47682708? 00 19® -0 46915371E 00 200 •0,46123620E 00
THE BEST ESTIMATE AFTER VICa U S  OF CAlfUN IS
I X(1> 1 X(!) I X(1> 1 X(!> I X(|)
1 0,14(W7j 8o F 03 2 0,6?m 5314E 02 3 -0.31G2?376E 02 A 0,32217859k 02 5 0,3935A®ftlk 02
6 '0,?5o9AftGoF 02 7 0.636765*. At 02 ft 0.12)0l>»a 03 ® *0.510182«2E 02
THE SUM OF SQUARES IS Q.1®77556«E 03
Cf $t •The 81' and 91 iteration cycles.
T H E  B E S T  E S T I M A T E  A F T E R  1 5 1  C A L L S  O F  C A L F U N  J S
I X ( I > I X < I > I X < I ) I x c i > I
1 0,16f>3B064F 03 2 0 6 0 6 0 2 6 4 8 E 02 3 - 0 .30205823E 02 4 0 ,2876038uE 0 2 5
6 -0.31592564F 02 7 0 A9328073E 02 8 0 1 1294767E 03 9 " 0 ,46171896E 02
THE SUM OF SQUARES tS 0. 16471 OBOE 02 • .
I T ( 1 > I F(J> I F { I ) I F < I) I
1 0 ,16330215r 00 2 0 17233089E 00 3 0 18139652E 00 4 0 19053389E 00 5
6 0, 2t'*7i,a'0r 00 7 0 21765716 E 00 8 0 72629641E 00 9 0 73454360E 00 10
11 0,240277'1f 00 12 0 25S41Q43E 00 13 0 26047864E 00 14 0 26422477E 00 15
16 0,266/%Lf1F 00 17 0 24/.9181 7E 00 18 0 2 6 0 6 1 1 48E 00 19 0 2535367HE 00 20
21 0 , ? 2 7 5 7 0 <> 2 4 00 22 0 212n4p9 5E 00 23 0 19043294E 00 24 0 16453772E 00 25
26 0,99S/S194F -01 27 0 607265O5F -01 2« 0 18107474E-01 29 « 0 27621969F. 01 30
31 .0,1?6'3'-3?i)E 00 32 - 0 1 7 ? 6 2 8 4 2 E 00 33 -0 218S5946E 00 34 -0 7 6 0-2 2 6 8 8 E 00 35
36 -0, 32?6-T57Af 00 37 -0 34P28VU/E 00 3# -0 34657635E 00 3° -0 341on9ooE 00 40
41 -0,29461108F 00 42 -0 25S608S7E 00 43 -0 20828568E 00 44 -0 154664o7E 00 45
46 •A,3® 42.3 5® 7 E“01 47 0 1 7?7927iiE - 01 4« n 7 0 7 3 7 739 E« 01 49 0 11®01601 t 00 50
51 0,l9t7iJ15F 00 52 0 220 5 8 7 8 1 L 00 53 0 7J805126E 00 54 0 24716596E 00 55
56 0.24i724t)3F 00 57 0 22^24958E 00 58 0 ?0849516E 00 59 0 1 8 3 1 966pE 00 60
61 0.1l70fi437C 00 62 0 8162®231E “01 63 0 4i7jnJ6 2 E- 01 64 0 37964614 E- 04 65
66 -0, R5Bbniih9F'-01 67 -0 12804117E 00 68 -0 17035921E 00 69 -0 210284R4E no 70
71 -0,26i74329E 00 72 -0 31171916E 00 73 - 0 33675978E 00 74 -0 35802174E 00 75
76 -0,373?a 463F 00 77 -0 37048404E 00 78 -0 35«06092E 00 79 -0 33572248E 00 f 0
61 -0,25922037E 00 32 -0 20452919E 00 83 -0 1390635oE 00 84 -0 63490499E. 01 E 5
66 0.1125 6560 F 00 67 0 2088U72E 00 68 0 3Q6S3491R 00 89 0 401V3846E 00 50
91 0,56R05i56F 00 92 p 62®2589OE Op 93 0 66974854E 00 94 0 68561771f 00 95
96 0,633467o 1E 00 97 0 56422418E 00 98 0 46^4150 4E 00 99 0 34954598E 00 100
101 0«6Cij86903E “01 102 elj 84746182E “01 103 - 0 2317i4®2E 00 104 "0 36759px6E 00 105
106 "0•5^111 4rf7F 00 107 "0 64«1515«E 00 10B “0 6872p 556E 00 109 ••o 6®390774E 00 110
111 - 0 . 6 H 4 7 h <3F 00 112 "0 53198666E 00 113 "0 4?52T56j E Ou 114 - 0 ?9«59636E 00 11 5
116 — 0 . 7?743<itf 4* "02 117 0 144834^1t 00 11« p P 0 - 0 py A *6
121 0.63fl44250F 00 122 0 68664761E 0 0 123 0 70617105E 00 124 0 68896o ?5I 00 175
126 0,53i<025l9F 00 127 0 41841266E on 128 0 78052997E no 129 0 13438641E 00 130
131 -0,139276V4F 00 132 -0 247.635P3E 00 133 - 0 33239H5QE 00 13 4 -0 3 8 7 7 7 0 3 3 E 00 135
136 -0,41H4?644F 00 137 -0 40P47133E 00 138 -0 36714426E 00 130 -0 32277462F 00 140
141 -0,21 5Hp620r 00 142 -0 16616033^ 00 143 -0 1 1 6 16676E 00 144 -0 70370614E. 01 145
146 0.55V21392F “02 147 0 3S.311915E ■ 01 148 0 59711661E- 01 U 9 0 7®156041E- 01 150
151 0.10r>0,>667r 00 152 0 1125254VE 00 153 0 11700443E 00 154 0 1 18V5692E 00 155
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An evaluation of the effects of specimen 
temperature gradient on relaxation peaks
D. E. BARROW and Z. C. SZKOPIAK
Department of Metallurgy and Materials Technology, University of Surrey, Guildford, 
Surrey
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Abstract. The effect of a specimen temperature gradient on a measured internal 
friction spectrum is considered. The case of a linear gradient is examined in detail 
to give an indication of how large a gradient is permissible in experimental measure­
ments. The effect is found to be of greater significance than has normally been 
realized.
1. Introduction
Measurements of internal friction are often carried out by varying the temperature of 
the specimen by means of a surrounding furnace or cooling jacket. For various reasons 
in the usual type of internal friction apparatus a temperature gradient exists along the 
specimen. The presence of a temperature gradient can result in broadening of the relaxa­
tion peak, lowering of its height and, depending on the position of the temperature measur­
ing probe, some apparent shift in the measured temperature of the peak. The object of 
the present paper is to show quantitatively to what extent a relaxation peak is affected by 
a uniform temperature gradient along an internal friction specimen.
2. Calculation of absorbed energy
A relaxation peak is obtained by measuring the energy absorbed by the specimen at 
differing temperatures and plotting it against the reciprocal of absolute temperature 
(figure 1). It is apparent from the figure that the energy absorbed is strongly temperature 
dependent. Consequently, in the presence of a temperature gradient, elements of the 
specimen being at different temperatures will absorb differing amounts of energy. The
100
O 60
20
Reciprocal tem perature I /7 " CK""1)
Figure 1. Typical relaxation peak. 
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measured total energy absorption thus represents the sum of the contributions from each 
element of the specimen.
Considering a material the relaxation of which (without a temperature gradient) is 
characterized by the expression (Zener 1948)
E=Em  sech {§  ( r “ 7 i)} ^
where E  is the energy absorbed at temperature T, Em is the maximum value of E  cor­
responding to highest point of the relaxation peak occurring at temperature Tp, Q is the 
activation energy of the relaxation process and R  is the gas constant.
This expression may be rewritten in the form
E = E m sech (A X + B ) (2)
where A = Q/R, X =  1/T and B  =  Q/RT.
For most low-frequency internal friction measurements the material will be in the form 
of a wire with uniform cross section (figure 2). The wire of total length L  lies along the
Temperature 
measuring probe
dx
;) " 00 V.
<— — — /--------- ►
Figure 2. Internal friction specimen.
X  axis with one end at the origin. Let the temperature gradient in the wire be linear and 
constant over the temperature range in question. The temperature T  at any distance x 
along the wire is then given by
T = To+ K x  (3)
where To is the temperature at the origin (assumed to be the position of the temperature 
measuring probe) and K  the temperature gradient. Thus, at any measured temperature 
7o the energy Eax absorbed by an element dx, at a distance x along the wire is given by
Eix=Em sec" (jr^+i). (4)
To sum over the whole length of the wire expression (4) is integrated from 0 to L  giving
L
£t=J SeCh |(7^Kx)+B} (5)
0
where E t  is the total energy absorbed at temperature T, Em appears outside the integral 
as a constant and is normalized to unity.
The integral (5) cannot be evaluated in closed form, hence a numerical method must 
be used. In order to get a reasonable representation of the relaxation peak shape a com­
paratively large number of points is required, and the integral must be evaluated once 
for each point. For this reason a digital computer was employed.
The integral was evaluated by Simpson’s rule using a standard procedure, with provision 
to iterate until the difference between successive values of the integral was smaller than a 
given amount. Results for a typical peak are shown in figure 3, with the height normalized 
to unity for the peak without a temperature gradient. Variation of the height of peaks 
due to relaxation processes of differing activation energies with increasing temperature 
gradient is shown in figure 4. It is apparent from the results of figures 3 and 4 that the 
effect of a. temperature gradient along an internal friction specimen is to broaden the
relaxation peak and to reduce its height. This effect is greater in peaks due to relaxation
1142 Research Notes
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Figure 3. Shapes of peaks calculated for various gradients:
(A) 0-0 Kcm-1 (B) 0-2 Kcm-1 (C) 0-5 Kcm-1
CD) 1 -0 K cm"1 (E) 2-0 K cm"1 (F) 5-0 Kcm"1
•  represents apex of a peak not shown in full.
100
Ji 50
20
0 0-5 1*5 2-01-0
Temperature gradient CdegC cm-1)
Figure 4. Variation of peak heights with uniform temperature gradients for a 10 cm long specimen. 
Numbers indicate activation energy in kcal mol-1.
Research Notes 1143
processes of high activation energies (figure 4), because the higher the activation energy 
the narrower is the peak (equation (1)). Thus, under a temperature gradient the range of 
temperature over which each element contributes to the absorbed energy will be small 
for a narrow peak. This will result, in the extreme case, in a peak whose width is deter­
mined solely by the temperature gradient present.
In general a value for the activation energy may be calculated by dividing the total peak 
area by the maximum height. In the case of a peak broadened by a temperature gradient 
along the internal friction specimen the total energy absorbed by the system is constant, 
and hence the area under the peak is constant. Thus, consequently, the apparent activation 
energies for the broadened peaks will bear the same ratio to the true activation energy as 
the corresponding peak heights.
In all cases the maximum of the peak will occur at the temperature at which the largest 
part of the specimen is contributing maximally to the energy absorption. For a linear 
gradient this will be when the centre of the specimen is at Tp. For a temperature measuring 
probe at one end of the specimen (assumed to be the end at lowest temperature) the measured 
temperature (7o) will then be,
To = Tv - K L /  2. (6)
Thus in the presence of a temperature gradient the peak maximum is shifted by an amount 
depending on the direction of the temperature gradient and the position of the measuring 
probe. If  the form of the gradient is known a correction may be estimated using equation 
(6). In practice, however, it is unlikely that conditions will exist capable of maintaining 
a large temperature gradient in a metallic specimen (low conductivity materials are a 
different case). For instance to maintain a gradient of 1 degC cm-1 in a one millimeter 
diameter copper wire requires about 4 watts. .
3. Conclusions
The model shows quantitatively that a uniform temperature gradient along an internal 
friction specimen has the following effects on a relaxation peak:
(a) the height of the peak is lowered,
(b) the width of the peak is increased, and
(c) the peak temperature is shifted to a lower temperature if the measuring position is
at the high temperature end of the specimen and to a higher temperature if the measuring
position is at the low temperature end of the specimen. For a given temperature gradient 
effects (a) and (b) are greater for peaks caused by relaxation processes with higher activation 
energies.
It is not possible to correct experimental data obtained under a known temperature 
gradient, because the changes in the shape of a relaxation peak depend on the values of 
the true parameters defining the peak. Approximate corrections, however, can only be 
made by assuming a linear temperature gradient (in practice gradients are seldom linear) 
and estimating a correction factor from the measured data. For this purpose the activation 
energy of the relaxation process would have to be known or determined by internal friction 
measurements at different frequencies. It is, thus, necessary to ensure that during internal 
friction measurements the temperature gradient along the specimen is as low as practically 
possible.
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Computer analysis of complex relaxation spectra
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Abstract. Computer programs based on least-squares numerical methods are described 
and their application to the analysis of complex internal friction spectra discussed. 
Various ways in which the programs can be used are demonstrated with reference to 
typical internal friction spectra due to Snoek and grain boundary relaxations.
1. Introduction
In the study of mechanical relaxation phenomena the observed spectra frequently consist of 
several overlapping peaks believed to be caused by discreet processes occurring in the 
material. These processes have only slightly differing relaxation times and therefore the 
relaxation peaks occur in close proximity to one another. This is particularly so in the case 
of relaxations due to stress-induced ordering of interstitial (Powers and Doyle 1956, Keefer 
and Wert 1963, Gibala and Wert 1966, Ahmad and Szkopiak 1970) and interstitial- 
substitutional (Couper and Kennedy 1967, Szabo-Miszenti 1970, Miner et al. 1970, Mosher 
et al. 1970) solute atoms and grain boundary migrations (Barrand 1966, Cordea and Spretnak 
1966, Roberts and Barrand 1968) in metals.
In dilute metallic solid solutions relaxation phenomena due to interstitial solutes (Powers 
and Doyle 1957) and substitutional-interstitial atom combinations (Bunn et al. 1962) are well 
documented (Powers and Doyle 1959, Entwistle 1962, Schultz 1968, Szkopiak 1971).
With increasing interstitial solute concentrations or with addition of substitutional 
elements the relaxation spectra become more complex. The experimentally determined 
spectra are either broader on the high-temperature side (Gibala and Wert 1966, Ahmad and 
Szkopiak 1970) or entirely new peaks (Couper and Kennedy 1967, Szabo-Miszenti 1970, 
Miner et al. 1970, Mosher etal. 1970) are observed, depending on the history of the material. 
The interpretation of the complex curves requires a quantitative decomposition of experiment­
ally measured spectra into constituent peaks, and the accurate determination of values for 
the parameters characterizing the component relaxation processes.
The most promising method for such decomposition seems to be based on least-square 
regression analysis. Information on programs and computation methods (Holmes and 
Stott 1968, Margulies 1968, Cziffra and Moravcsik 1959, Moore and Zeigler 1960, Booth 
1966) for this form of analysis is available but not generally known outside the field of 
numerical analysis.
Few previous attempts to analyse relaxation spectra have been made. Ritchie and 
Rawlings (1967) tried to analyse the Snoek relaxation complex in iron-manganese-nitrogen 
and iron-chromium-nitrogen alloys. The spectrum was analysed in terms of an exponen­
tial model with background damping, peak height, peak temperature and relaxation time as 
parameters. No self-adjusting iterative method was used. The number of constituent 
relaxation peaks and their corresponding peak temperatures were estimated from the shape of 
the experimental curve, and the values of the four parameters were adjusted by trial and error 
to give a reasonable fit using a least-squares criterion.
t  Metallurgy Division, AERE, Harwell, Berks.
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Gibala (1965) adapted a modified form of a program, originally written by Need and 
Fessler (1962) for the analysis of radioactive element decay curves, and used it for the analysis 
of Snoek relaxation spectra occurring in niobium-oxygen solid solutions. The resultant 
computations from this program indicated that a satisfactory fit could have been obtained 
with two, three or four components, depending on the initial concentration of oxygen in the 
specimens investigated. .
It should be possible, with the use of a computer, to separate complex relaxation spectra 
into their constituent peaks with the minimum bias imposed by the user. The program, 
ideally, should have the capacity to accept raw experimental data, find its own starting values 
of parameters for iteration and be able to adjust the number of single peaks to produce the 
best fit into the experimental spectrum. Computer programs based on a Gauss least-squares 
algorithm for the quantitative analysis of multiple relaxation processes are described in this 
paper. The computation makes use of an iterative least-squares fit to the experimental data 
to give not only best values of, the parameters for each component but also, if desired, an 
evaluation of the accuracy of fit to the data points.
2. Analysis of relaxation spectra
Mechanical relaxation peaks are characterized by the associated activation energy Q of the 
relaxation process causing them, the temperature Tv at which the peaks occur and the peak 
height Smax (Zener 1948). The form of such peaks is often assumed to be that of a Debye 
peak represented by a hyperbolic secant function:
where 8 is the logarithmic decrement at a temperature 7 K  and R  is the gas constant.
For the purpose of analysis of relaxation spectra, it is required to find a set of components 
which best fit into the area under the experimental internal friction curve. In the case of a 
single relaxation process, where the functional form of the data is completely known, the 
fitting serves to determine a set of parameters which characterize the data. The quantitative 
analysis of multiple relaxation processes (figures 2, 3, and 4) is more difficult because the 
functional form of the experimental data is only partially known. In this case the experi­
mental spectra may be stripped into their constituent peaks and the fitted curves then serve to 
provide only a reasonable representation of the data. Although the fitting procedure is 
formally the same in both instances, its application to the first case is straightforward, while 
in the second case (figures 2 ,3 and 4) it is complicated. Thus it-would appear useful to view 
the problem just as that of fitting areas into areas, treating Smax, Q and Tv as parameters 
without any physical significance until the fitting is accomplished. Consequently, equation 
(1) may be rewritten in a  general form, namely
where A = Smax? B = Q /R  and C = Q /R TV.
The object now is to separate the experimental data into constituent peaks represented by 
function (2) and determine the best values for the parameters A , B  and C for each peak using a 
computer and a suitable algorithm.
3. The mathematical model
The method of least-squares with modifications is potentially most suitable for general 
analysis, because of its simplicity and flexibility. In this paper an outline of the method is 
briefly discussed and no attempt is made to completely cover the topic, since many excellent 
treatments are available elsewhere (Deming 1943, Hald 1952). The function concerned may 
be represented by
'max (1)
y = A  sech (B x+ C ) (2)
Y ~ f{X , A, B, C) (3)
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where A, B  and C are parameters, the values of which are to be determined, and Y  and X are 
the dependent and independent variables respectively. Limiting the treatment to three 
parameters, the experimental data points may be represented by Yi and the corresponding 
points calculated from the estimates of A, B  and C as Ft. The error S  of the least-squares fit 
is then defined as
S - S C I i - W  (4)i ,
To find the conditions for S  to be a minimum with respect to parameter A, the expression (4) 
is differentiated for Ft with respect to parameter A  and equated to zero giving
H = - 2 S ( r , - m ^ = o (5)
which is then solved for A. If  the expression for dS/dA  is of non-linear form then there is 
no guarantee that a solution to the system exists or that, if a solution does exist, it is unique. 
The linear form of the expression for dS/ dA is a well-behaved function for which solutions 
exist. Thus, if the function is non-linear with respect to any of the parameters, it must be 
linearized. The linearization may often be done by a substitution method. In some cases 
(the hyperbolic secant function is an example of this type) the only method is to approximate 
to the function by a series expansion around some arbitrary point, leading to the Gauss 
method. In  the Gauss method the function is expanded in the form of a Taylor’s series 
around a value/o, which is initially the value given by the estimates of the parameters supplied 
by the user and successively that given by the adjusted parameters. For the function cited, 
expansion in three dimensions gives
f —fo + SA/a + SB/b +$Cfo  (6)
where fA = (df/dA). Differentiating (6) with respect to A
with respect to B
^  =  - ^  +  <>AfAA +  §BfAB +  §CfAC
and with respect to C
^ =■^ + 8A/a b + 8B/b b + SC/bc 
- ^ , = - ^ + 8AfAc+8BfBc+8Cfcc
(7)
(8) 
(9)
where
fAB =
32/ 
dAdB’ / BC =
sy
dBdC fAC —
dy .
dA dC
Now Fi is the value of the function a t / a n d  is thus closely approximated by the series 
expansion. Therefore, substituting for in (5),
Rearranging (10)
X f A ( Y i - F i - 8 A f A - S B f B - S C f c ) = 0 .
i
2fA(Yt-Fi)=.'2(fA*8A+fjfriB+fjfc8C)
(10)
(11)
and similarly for B  and C.
This leads to the least-squares normal equations, which can be written in matrix notation
as
(ZfAiYi-Ft))
i
(S/i2,
i
D/4/n,
i
XfAfc]
i
Z M Y i - F i )
%
= TifAfB,
i
2/*a,
i
YifBfc
i
ZfdYi-Fi)
i / YxfAfc,  \ i
S / b/c,
i
S/c2
i /
8B
8C 
\ /
(12)
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The process is repeated until after a number of iterations 8^, Sb and Sc are deemed sufficiently 
small. When this occurs, the process has converged, giving the final values for the para­
meters A, B  and C.
An alternative form of normal equations may be obtained by further substituting in (10) for 
I a, / b and f c  and rearranging in matrix form:
2 f A(Y i-F iy
i
%
f 2 fA * - { Y ( - F tV AA, 'Z fA fB -< .Y ,-F t)fAB, 'L fA fc - ( .Y ,- F ,) fAc)
i i i
S f A f B - ( Y , - F t) fAB, 'S fB ^ - { Y t -F ,)fB B , S fu fc-- ( Y f - F , ) / b c
i i i
2 fA fc -{ Y ,-F ,- ) fA c , Z fa f c - ( Y , - F , ) fB c ,  'Z fc i - ( Y t - F i)fcc
\ i  i i
(8A \
SBX
sc 
\ /
(13)
Form (13), in theory, might be expected to give a better approximation to Fi due to the use of 
second derivatives of the functions with respect to all parameters (Box and Coutie 1956).
, Generally speaking, there is very little practical difference between the two estimates. In 
practice, however, it is found more liable to diverge; that is, to fail to reach the minimum 
values of SA, SB and SC.
For more than one peak, successive parameters Ai, A 2, A3 ..., B1, B2, B3 ... and 
Ci, C2, C3 . . .  are used. Since each peak is physically independent of the other, terms in 
d2Fl(dAmdBn) are taken as zero unless m =n. In general, if a set of data points are to be 
fitted by a set of components, the accuracy of the final values of the parameters obtained will 
be influenced by the initial accuracy of the data.
3.1. Methods o f  analysis
The practical implementation of the theory discussed in §3 is possible in the form of a 
computer program devised as an aid to fitting expression (2) to peaks in the experimental 
data. The least-squares algorithm requires extensive numerical calculations; for this reason, 
the use of a digital computer is essential. There are many possible approaches to such 
analysis, but in this paper only three methods, which have proved successful in practice, will 
be discussed.
I. Fitting of individual peaks into the experimental spectrum and subtracting their 
contribution from the data until the residuals are negligible. This method is often referred 
to as ‘spectrum stripping’.
II. Fitting one parameter for each peak by an iterative method for known values of the 
other two parameters and the number of relaxation processes until the best fit to the experi­
mental data is obtained.
III. Fitting all peaks by iteration of the three parameters using the Gauss method or an 
extension of it.
Computer programs, using each of these methods, were devised for analysing data in 
terms of a number of relaxation processes, based on a least-square criterion of fit. The 
schematic layout of the programs is shown in figure 1.
4. Structure of programs
4.1. Background correction
All mechanical relaxation spectra exhibit background damping depending on the experi­
mental conditions and the history of the material. In some cases background damping is 
very high compared with the relaxation peak studied (figure 4). Irrespective of the nature 
of the background damping, its contribution to the relaxation spectra must be removed.
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Figure 1. (a) Schematic layout in program I. (b) Schematic layout of the non-linear least-squares 
procedure (lsq ABC), (c) Schematic layout of program II. id) Schematic layout of program III.
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Assuming that the background damping 8b varies exponentially with temperature T  (Niblett 
and Wilks 1960), it can be subtracted from the experimental data by fitting the expression 
8b —K  exp ( -E /R T ) ,  where E  is the activation energy of the background damping 8b and K  
and R  are constants. . Having found K  and E  using the least-squares method over the 
specified ranges of the experimental points on either side of the relaxation spectrum, the 
correction is applied to the whole range of data. The refined data are then subjected to 
further analysis by any of the following programs.
4.2. Spectrum-stripping program I
The program enables the fitting of the three parameters (equation (12)) into a single peak 
at each entry and subtraction of specified peaks from the data. Three different operations, 
which can be performed any number of times and in any order, are written into the program:
Peakfitting given A, B and C (operation 1). The peak is fitted with the specified parameters 
and subtracted from the experimental data.
Peak fitting given B and C (operation 2). The operation allows the calculation of the 
parameter A  by the linear least-squares fit over a specified range of data and the subsequent 
subtraction of the peak from the experimental curve.
Peak fitting given only approximate values o f A, B  and Cooperation 3). Values of the three 
parameters are calculated using an iterative method over a specified range of data. Since 
the iterative method requires initial estimates of the final results, approximate starting values 
of the parameters with imposed permissible limits are supplied. Iteration continues until 
the fit is better than the specified tolerance. The calculated peak is then subtracted from the 
experimental data. If the limits on the parameters are not satisfied within the specified 
number of iterations, a message is printed out and the program continues with the next set of 
data. '
4.3. Iterative program I I
This program fits values of the parameter A into a spectrum using fixed values of the 
parameters B  and C. The A values are first fitted by a linear least-squares algorithm (Golub 
1965). The solution is then constrained to give only positive values by fitting the spectrum 
with the squares of the A values by means of a non-linear least-squares algorithm (Powell 
1970). Components whose A values are reduced below a certain preset level are discarded 
and the iteration continued until the fit is better than a preset value. The final parameter 
values and the residuals are then output by the program. This program operates success­
fully for relaxations where the values of the parameters B and C are well known and only the 
values of the parameter A are in doubt.
4.4. Iterative program III
The program based on the Gauss method is capable of fitting any specified number of 
peaks into the experimental data by iterating from, approximate starting values of the 
parameters A, B  and C and satisfying the specified limits of accuracy. The criterion used to 
determine the goodness of fit is either that the difference between any predicted and 
experimental datum point is less than a specified amouht or that the changes in the para­
meters after an iterative cycle are smaller than a stated tolerance, or a combination of 
both. The program performs one cycle and then compares the resulting calculated spectrum 
with the experimental data. The operation is continued until an acceptable fit to the data is 
achieved. If convergence does not take place, or limits of accuracy are not satisfied within 
a specified number of cycles, the iteration is discontinued and the values current at . that 
point are output.
In most cases visual inspection of the residuals of any of the above programs is adequate 
for evaluating the validity of the analyses and the accuracy of the results. However, the 
experimental data points and the fitted curve together with the residuals may also be plotted 
on the same scale to show deviations and undulations. This facility is available in the 
programs if required.
I l l
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Programs 1 and 3 read raw data, which is produced by a separate program from the 
output of logarithmic decrement measuring equipment, from any suitable medium such as 
magnetic tape. User control is exercised by data supplied on cards. All input and output 
documents are made to be directly acceptable to both programs without modification, and 
also carry a permanent record of their origin and history. Multiple sets of data may be 
processed sequentially. At the end of the run the final results are output together with any 
records of residuals requested. Due to the organization of the programs these residuals may 
be directly used as new data for further analysis.
5. Examples of the analysis of relaxation spectra
The programs were first tested on synthetic data produced to meet all probable difficulties 
which could be expected to occur during the analysis of various types of relaxation spectra. 
In this section typical examples (figures 2, 3 and 4) are given to demonstrate the precise way in 
which the analysis of various complex spectra is carried out. The interpretations of the 
results of the analysis are given elsewhere (Ahmad and Szkopiak 1970, Szkopiak and Ahmad 
1969, Siddell 1968).
5.1. Niobium-zirconium-oxygen-nitrogen alloy
A typical spectrum consisting of the main Snoek peaks and additional peaks due to stress- 
induced ordering of interstitial atoms adjacent to substitutional atoms in niobium solid 
solution is shown in figure 2 (Szkopiak and Ahmad 1969). It is apparent from the visual
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Figure 2. Relaxation peaks of a niobium-zirconium alloy containing oxygen and nitrogen. 
 experimental curve, — constituent peaks.
inspection of this spectrum that the internal friction curve consists of at least five peaks. The 
analysis of such curves, where relaxation regions are well separated from each other, is 
comparatively easy, because the positions and heights of the constituent peaks can be 
estimated close to the actual values. After subtraction of the background damping, the 
refined data have been successfully analysed in terms of six constituent peaks (figure 2).
5.2. Niobium-oxygen-nitrogen alloy 
Figure 3 shows a typical relaxation spectrum due to stress-induced ordering of oxygen and 
nitrogen atoms in a niobium-oxygen-nitrogen solid solution (Ahmad and Szkopiak 1970). / 
From the curve it appears that the experimental spectrum consists of two peaks only. 
However, careful inspection of the spectrum reveals that both peaks are distorted on the 
high-temperature side indicating the presence of additional peaks. In contrast to figure 2 the
t~^  i ; r~ -1 i-- —i--- 1-:— r
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Figure 3. Oxygen and nitrogen Snoek peaks in niobium. experimental curve, con­
stituent peaks.
relaxations occur in close proximity giving an overlapping spectrum. Separation of such 
complex relaxation spectra ipto constituent peaks is generally difficult but is greatly facilitated 
by the flexibility of the programs. The analysis reveals that the internal friction spectrum 
actually contains seven constituent peaks (figure 3).
5.3. Iron-nickel-chromium alloy ;
The internal friction spectrum of an iron-chromium-nickel alloy, shown in figure 4, 
consists of relaxation peaks superimposed on a steeply rising high-temperature background 
damping. In this case, before the relaxation spectrum can be analysed, both the low- and 
high-temperature background dampings must be removed from the internal friction curve. 
The presence of high-temperature background damping complicates the stripping procedure 
because it depends on the validity of the model for the high-temperature damping. The main 
assumption made in such cases is that the damping has no transient components in the sense 
of their behaviour with increasing temperature during internal friction measurements, so 
that the energy absorption is due to the same process at temperatures above and below the 
temperature range over which the relaxation peak spectrum occurs (figure 4). The internal 
friction curve of figure 4 was stable up to 1100 °C and found to consist of the low- and high- 
temperature background damping and three constituent grain boundary peaks (Siddell 
1968). . : ' ! , '
6. Discussion
Program I is straightforward in use and produces, acceptable analysis of mechanical 
relaxation spectra. It is particularly useful for spectrum stripping of a complex curve, the 
constituent peaks of which are unknown. The procedure of specifying a new peak at each 
entry makes the operation slow, but the end product of the analysis provides a means of 
determining the number of relaxation processes. This information, when supplied to 
program III, ensures a greater probability of convergence. Program I is, therefore, a key to 
the efficient use of the programs from the operational viewpoint.
Program II is useful if information is available on the composition of the spectrum under 
analysis. Data regarding activation energies and peak temperatures of the constituent 
processes either from the literature or from program I are adequate for this program. This 
program provides rapid evaluation of peak heights of a multiple relaxation spectrum.
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Figure 4. Grain boundary relaxation peaks in an iron-chromium-nickel a l lo y .  experi­
mental curve,  constituent peaks, -  —  high-temperature background damping, low-
temperature background damping.
Program III is most convenient and is free from user bias in so far as user participation is 
limited to the estimation of the probable number of peaks and the setting of limits of 
accuracy of the fit and the unknown parameters. The program iterates parameter values for 
all peaks and usually converges when supplied with reasonable initial estimates of the final 
parameters. The convergence of the algorithm depends markedly on the distance of the 
initial estimates from the final values. The Gauss method may, in fact, fail to converge 
even with starting values close to the true values. The convergence behaviour is dependent 
on the shape of the hyperspace in which the variables are situated, becoming more complex 
as the number of parameters (and hence the number of dimensions in the hyperspace) are 
increased. Modified versions of the Gauss method (Marquardt 1963, Golub 1965, Powell 
1970) with improved convergence behaviour are currently being explored. The principal 
experimental requirement for convergence of the algorithm is a large number of accurate, 
equally distributed data points. In practice, data points are usually sparse in regions of 
rapidly varying relaxation amplitude; that is, close to the peak temperatures. Widely 
spaced data points frequently cause imbalance in the sums of derivatives, leading to negative 
terms and subsequent failure of the algorithm due to a non-positive definite matrix of 
normal equations.
Finally, it should be pointed out that in practice a computer analysis of a  complex 
relaxation spectrum using a suitable program can produce almost any number of constituent 
peaks. These peaks will have parameters which give the best fit of the calculated spectrum 
into the experimental results. Such an end product of the analysis will be satisfactory from 
the point of view of curve stripping but will be useless from the point of view of the physical 
meaning of the experimental relaxation spectrum. It is therefore necessary to know the 
physical significance of the constituent peaks and to examine the end product of each 
computer operation as to whether it represents useful results.
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Abstract A constant amplitude, torsional pendulum is 
described for the automatic measurement of low frequency 
internal friction in metals. A peak detector and a novel 
form of output transducer are employed to maintain 
constant amplitude and to provide an output directly 
proportional to the level of damping. The temperature of 
the specimens can be varied between 4 K and room 
temperature. High sensitivity and reproducibility are 
obtained compared with previous methods of internal 
friction measurement, especially at low levels of damping.
1 Introduction
The measurement of internal friction, the small mechanical 
energy loss which occurs with periodic mechanical deformation 
of a solid, presents many difficulties, especially when the 
frequency of deformation is low. Some workers, for example 
Bays and Grandchamp (1970), have relied on the use of free 
decay techniques. At low frequencies, where a spot following 
recorder, such as the Sefram Photodyne, is often used, 
considerable errors in the amplitude measurement may occur, 
which render the measurement of low levels of damping 
unreliable unless an inconveniently long time interval is 
employed. These errors render the study of a complex spectrum 
difficult and laborious, since free decay must be allowed to 
continue for considerable lengths of time, so that a useful 
difference in amplitude may be obtained. Further errors occur 
i f  the damping exhibited by the specimen is amplitude 
dependent.
To avoid these inherent difficulties it is advantageous to 
work at a constant amplitude. In order to maintain an oscil- 
ating pendulum at a constant amplitude it is necessary to 
supply sufficient energy to the pendulum to replace that lost 
>y all damping processes both internal and external to the 
pecimen. For small amplitudes the energy lost per cycle is 
elated to the logarithmic decrement D in the following way 
Zener 1948):
Z>=2„(^) (I)
Now at British Non-Ferrous Metals Research Association, 
-ondon
wbere £  is tne total energy oi tne specimen ana l\h me energy 
lost per cycle. Thus if energy is supplied to the specimen in 
some measurable way keeping the amplitude constant, the 
amount of energy supplied will represent the energy lost per 
cycle and hence the internal friction in the specimen. In prac­
tice the energy is fed to the pendulum by means of an electro­
magnetic transducer. By proper choice of the form of this 
transducer the energy supplied to the system may be directly 
proportional to the current in the transducer.
Internal friction measurements require a continuous slow 
variation of temperature; whilst this may be achieved by very 
slow heating of a cooled mass, the possibility of holding 
various temperatures is also frequently useful. For this reason 
it was decided to employ a controlled cryostat. Very few 
cryostat systems allow temperature variation over the whole 
range between 4 K  and room temperature. However, the 
continuous flow cryostat (Klipping 1964) does have this 
property and was, therefore, adopted in the present apparatus.
Various minor problems, such as background damping, 
contributed by the apparatus and the presence of temperature 
gradients in the specimen (Barrow and Szkopiak 1970), were 
also considered and largely eliminated at the design stage. 
The low damping levels expected necessitated the complete 
elimination of atmospheric damping by working in a vacuum. 
The present apparatus was developed in order to measure 
the internal friction of a small metal specimen of cylindrical 
form at temperatures down to liquid helium. The frequency 
of oscillation was to be of the order of 1 Hz and the expected 
levels of damping, in terms of the logarithmic decrement, of 
between 10-5 and 10-3.
2 General requirements for the pendulum drive and control 
system
A simple calculation shows that at the expected damping 
levels and with a specimen of reasonable dimensions the 
energy absorbed is about 50 /zW. Energies of this level must 
be supplied by the drive transducer while the relevant electric 
currents must be maintained at a practical measurable level. 
A system possessing a linear relationship between the meas­
ured variable and the energy supplied is also desirable. The 
form of transducer chosen for the present apparatus is shown 
in figure 1. The arrangement is essentially that of a D’Arsenoval 
galvanometer. The centre soft iron cylinder acts as a flux 
concentrator giving a radial field in the gap. An alternating 
current is passed through the drive coils, thus producing an 
alternating field in the gap. A direct current is passed thiough
Pendulum
-Magnet
Figure 1 Schematic outline of drive transducer
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the inner coil via two copper ligatures. The effect of these 
ligatures on the background damping of the system is easily 
shown to be negligible.
The energy supplied to the inner coil with a fixed alternating 
current in the outer coil and the current I  in the inner coil 
may be calculated in the following way. At constant amplitude 
the energy supplied to the pendulum is equal to the energy 
lost by the system. Now, the energy supplied to a coil moving 
in a magnetic field is equal to the product of the current i 
in the coil and the instantaneous back emf a. Thus integrating 
over one half-cycle, the energy AE  is
1/2/
AE= J  ie id t  
o
where /  is the frequency of oscillation. The induced emf is
and the current
ei=eo sin cot
— 1+i (cos cot+<f>)
(2)
(3)
(4)
where <f> is the phase lag angle and w — 2Tcf Thus in (2) for 
one cycle
nI co
AE -  2 J {/+ i (cos cot+ <f>) eo sin (cot+</>)} dt • (5)
which gives
and for small </>
AE=(4I/co) eo cos (f>
AE=(4I/co) eo.
(6)
(7)
eo is calculable in terms of the dimensions of the inner coil 
giving
eo = (KI')dfna  (8)
where KI' represents the field due to the current in the drive 
coil, 6 is the angle through which the coil swings, n is the 
number of turns on the driven coil, and a is the length in the 
magnet gap.
A E = 2 1 9 K n a l 'l v  (9)
so that a preliminary calibration for K, the field constant of 
the drive magnet, and a measurement of 6 the angular ampli­
tude and / '  the magnet peak current will enable AE  to be 
found for any value of drive current I. Since the energy 
absorbed AE  is related directly to the logarithmic decrement 
(equation (1)) either parameter may be used as a measure of 
the damping of the specimen.
To maintain a constant amplitude of the pendulum an 
amount of energy determined by the level of damping is 
required. Thus, a zero amplitude loss in a cycle does not 
correspond to zero energy supply, and to maintain the 
required energy level in the system a memory is required. In 
the present system this takes the form of a servo driven poten­
tiometer.
The low frequencies (of the order of 1 Hz) at which the 
system is required to operate, necessitate the use of a sampling 
detector giving one peak value of the pendulum amplitude 
per cycle, representing a time constant of 1 s at 1 Hz. The 
conventional system using a capacitive filter would have 
needed a time constant of about 100 s to achieve reasonable 
smoothing of the output voltage. Since the response of the 
system is limited by the rate at which the pendulum loses 
amplitude, within the error band of the system, the rate of 
change of temperature must be kept low if the internal friction 
spectrum is to be properly resolved.
Vacuum
pump (Vacuum gauge
Vacuum pump
Figure 2 Internal friction pendulum and cryostat assembly
3 Mechanical construction of apparatus
The apparatus is shown in figure 2. The lower vessel contains 
the cryostat and is pumped by a separate vacuum system. Th< 
upper vessel contains the pendulum and transducer assembly. 
Thermal contact with the cryostat is made by the coppe: 
taper 1, which engages a similar taper 2 in the cryostat. Th< 
extension housing and copper taper are shown in figure 3 
Removal of the outer thimble enables both specimen grip; 
to be released and the specimen to be removed or insertec 
without damage. The sliding carriage 3 carries the transduce! 
assembly and the pendulum counter weight arm 4. Raising 
this carriage engages the boss 5 on the pendulum, thus allowing 
tensile straining of the specimen without straining the trans 
ducer parts. Power for straining the specimen is provided bj 
a motor and screw jack system 6 working through a Wilsor 
seal 7. The pendulum is supported from the counterweigh 
arm by a thin tungsten wire 9, below which a light tubula:
0
Figure 3 Core and taper assembly
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ducer. Mounted on the shaft below the crossbeam is a former- 
less coil 10 for the drive transducer which moves in the air 
gap of the electromagnet 11. All parts in the region of the 
magnetic field are made of Tufnol or perspex to prevent 
interference from eddy current damping. The remainder of 
the pendulum is constructed of metal in order to provide 
sufficient lateral strength to transmit the tensile straining 
force applied at the boss. The crossbar 12 carries lead weights 
which form the variable part of the inertia which determines 
the frequency. The rest of the pendulum consists of an exten­
sion rod 13 of thin-wall stainless-steel tube which terminates 
in the upper specimen grip 14. A thin-wall tube is chosen to 
minimize the heat conducted to the top grip. The lower grip 
15 is anchored into the fixed half of the inner copper taper 1.
The upper housing is located by a register in the upper 
flange of the cryostat vacuum chamber which serves as the 
support point for the whole apparatus. All outer vessels are 
constructed of argon arc-welded stainless steel. The apparatus 
is supported in a rigid outer frame to minimize trans­
mission of vibration to the pendulum. For this reason the 
mechanical vacuum pumps are also mounted on a separate 
remote framework. The tapered extension of the upper housing 
is guided into the cryostat by runners built into the main 
frame ensuring accurate location.
Due to the high sensitivity of the apparatus spurious 
damping levels may frequently result from a disturbance of 
the amplitude of the pendulum by external mechanical vibra­
tion. It is, therefore, necessary to isolate the pendulum from 
external vibrations. This isolation is effected by mounting the 
apparatus frame on flexible blocks so that the whole system 
as a resonant frequency of less than 0-5 Hz. Damping of the 
uspension is provided by four dashpots filled with heavy oil.
Cryostat and temperature control system 
he continuous flow cryostat shown in figure 4 is mounted in 
the lower vacuum vessel (figure 2). Liquid nitrogen from a 
torage dewar enters via a vacuum insulated line 16 and is 
awn through the sintered bronze plug 17; the gas then 
raverses the coil 18 on the radiation shield and is exhausted 
rom the cryostat by a rotary pump via a tube 19. The sintered 
ronze plug is soldered to the inner copper cylinder 2 which 
ates with the pendulum housing. The rather high flow 
mpedance inherent in this design gives the low cooling rate 
equired for internal friction measurements. A small heater is 
ounted in the copper taper 2 to assist in temperature control, 
needle valve and a magnetic valve are incorporated in the
rotary pump line in order to give control over the flow of the 
coolant. A second magnetic valve is provided to prevent oil 
suckback from the rotary pump.
The signal from a thermocouple installed in the extension 
housing 15 is backed off against a reference voltage and the 
difference amplified by a differential amplifier. The output of 
this amplifier then operates relays controlling the direction of 
rotation of the servo motor (figure 4). Positive output from 
the amplifier supplies power to the heater proportional to the 
difference signal. The servo motor drives the needle valve in 
or out. A microswitch at the fully open end of the needle 
valve’s travel operates the magnetic bypass valve. A fine 
mesh gauze filter at the input end of the transfer line prevents 
the entry of solid particles of water or carbon dioxide into the 
cryostat.
5 Electronic drive system
An electronic drive system utilizing the considerations of §2 
has been built. The circuitry was based largely on general 
purpose integrated circuit operational amplifiers. A block 
diagram of the system is shown in figure 5.
The pendulum motion is detected by a reluctance transducer 
consisting of two ferrite plates moving in front of two coils 
wound on ferrite pot cores. These coils are connected into a 
bridge circuit, which is energized at about 1 kHz. The bridge 
output is amplified and then rectified by a phase-sensitive 
rectifier. The output from the rectifier (figure 6(a)), which 
varies at pendulum frequency, is filtered and fed to a squaring 
and limiting circuit. The squarewave from this squaring circuit 
is fed to the fixed amplitude drive loop and to the drive logic 
for the sampling detector. The detector drive logic provides a 
pulse for each zero crossing of the detector (figure 6(c)), a 
squarewave (figure 6(b)) which indicates input polarity and a 
delayed pulse for reset purposes (figure 6(f)).
The filtered output from the phase sensitive detector system 
(figure 6(a)) is applied to the input of the peak detector which 
is switched between positive and negative inputs by the drive 
logic. The output from the peak value detector (figure 6(e)) 
consists of the peak voltage level of its input, and falls slightly 
with time due to charge leakage which cannot be entirely 
avoided. To store the peak voltage level from the peak detector 
the voltage level is applied to a sample-and-hold circuit, 
which is caused to sample immediately after the peak of the 
sinewave has passed. Timing logic for the peak detector and 
sample-and-hold circuits is provided by a system of mono­
stables driven by the squarewave mentioned above (figure 
6(b)). The sample-and-hold output (figure 6(f)) is a voltage
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’gure 4 Schematic layout of the cooling system
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Figure 5 Block diagram of pendulum control system
level with superimposed notches due to the reset operations. the necessary 90° phase shift, so giving maximum drive when
Reset pulses are also provided by the drive logic. The level the pendulum is moving with maximum velocity. The limiter
existing at the output of the sample-and-hold circuit (figure squarewave is also used to drive a six-digit timer counter
6(f)) is compared with a reference level by the deferential which reads the period of the pendulum. Outputs are provided
amplifier. The output of this amplifier is fed to the servo for a pen recorder and a data logger,
motor control amplifier, which serves to give a linear voltage
velocity characteristic with the type of servo motor used. v 6 Processing of data
The servo output shaft drives a ten-turn Helipot through a Results Me outpu( from (hf. da(a ,ogger on paper tape contain_
gear ratio of about 250:1; the voltage appearing at the slider jng jn order of ^  value of ^  current> tempera.
of this potentiometer is fed through a controller and impedance ,ure of lower ^  amplitude of oscillation, temperature of
converter to the drive coil mounted on the pendulum. Alter- ,ower ^  and period of the pendulum. The tape is read in
nating drive to the pendulum is provided by the second loop. blocks of 200 readings and the data are stored after reduction
The squarewave from the limiter is integrated, giving a tri- on magnetic tape. Data reduction takes the form of conversion
angular waveform which is then shaped by a synthesizing romines for tempera,ure, drive energy and frequency. The
network to give a sinewave which is amplified and applied data is (hen re_read and stored on a permanent magnetic tape
to the coils of the fixed drive magnet, thus giving an alter- jn sjngl(, subffles fm each i(em The final values of the data are
nating field in the gap. The integration in this loop provides listed and a is provided. The data may then be subjected 
  _____________ _________________  to further analysis (Ahmad et a l 1971).
■(C7)
1 1 -(C)
n/wwi/iiw-(d)(e )
'(f)
Figure 6 Waveforms in the detection system: (a) sinewave 
after phase-sensitive detection; (b) squarewave; (c) zero 
crossing pulses; (d) sampling pulses; (e) peak detection 
output; ( /)  sample-and-hold output
7 Performance
The system was tested using several specimens of niobium. 
A very low background (Z> = 10-5) internal friction wa: 
obtained and peaks and edges encountered in the spectrun 
were well resolved (figure 7). The measured levels of dampinj 
correspond with those measured by free decay and are repro 
ducible from run to run. As shown in figure 8, there is a linea 
relationship between damping level and drive current.
By suitable adjustment of the amplitude of the fixed drivt 
current, the level of direct current supplied to the pendulun 
for any level of damping may be set. This provides a means o 
adjusting the dynamic range of the system to the range o 
damping levels likely to be encountered in the specimen unde 
investigation. Thus levels of damping in the 10~5 range ma; 
be resolved in a short time. With a free decay method this i 
impossible, unless a very long time is allowed for the amplitud 
to decay. The minimum energy supplied by the system i 
about 5 nW which corresponds to Z)~10~6.
A recorded internal friction spectrum for a specimen c 
annealed niobium is shown in figure 1(a) and the spectrum c 
a similar specimen after a 1 % strain and an anneal for 2 h <
918
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Figure 7 Typical internal friction spectra in niobium 
(a) after annealing at high temperature and (b) .after 
straining and re-annealing for 2 h at 185°C
185°C is shown in figure 1(b). The j8 peak complex is now 
visible at around 200 K (Stanley and Szkopiak 1967).
8 Summary
The apparatus described in the present paper allows accurate 
measurements of internal friction to be made at very low 
frequencies and a constant amplitude of oscillation. It has the 
advantage of linear calibration and high resolution of details 
of complex internal friction spectra. In principle, a wide
Current (m A)
Figure 8 Calibration of drive current (for 275 /xA peak 
drive current) against corresponding logarithmic decrement 
values
range of damping values (D= 10~6-10~2) can be measured by 
a simple adjustment of the current in the driving coils. Once 
the driving current is set up the apparatus is automatic in 
operation, requiring no adjustment unless an excessively 
wide range of damping is encountered.
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